AD

Award Number: DAMD17-01-1-0689

TITLE: The BESCT Lung Cancer Program (Biology, Education, Screening,
Chemoprevention, and Treatment)

PRINCIPAL INVESTIGATOR: Waun K. Hong, M.D.
Fadlo R. Khuri, M.D.

CONTRACTING ORGANIZATION: The University of Texas
M.D. Anderson Cancer Center
Houston, TX 77030

REPORT DATE: March 2008

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently

valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE
01-03-2008 Final

3. DATES COVERED
15 Mar 2001—- 14 Feb 2008

4. TITLE AND SUBTITLE

The BESCT Lung Cancer Program (Biology, Education, Screening,

Chemoprevention, and Treatment)

5a. CONTRACT NUMBER

5b. GRANT NUMBER
DAMD17-01-1-0689

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

Waun K. Hong, M.D.
Fadlo R. Khuri, M.D.

Email: whong@mdanderson.org

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

The University of Texas
M.D. Anderson Cancer Center
Houston, TX 77030

8. PERFORMING ORGANIZATION REPORT
NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

BESCT program aims to define molecular abnormalities contributing to lung cancer initiation and progression and to develop
innovative therapeutic approaches for this cancer. Our specific aims are 1) to understand molecular alterations in lung cancer,
2) to develop chemoprevention strategies for lung cancer, and 3) to implement experimental molecular therapeutic approaches

for lung cancer treatment.

15. SUBJECT TERMS

Lung Cancer, genetic alterations, chemoprevention, molecular therapy

16. SECURITY CLASSIFICATION OF:

a. REPORT b. ABSTRACT c. THIS PAGE

U U

17. LIMITATION
OF ABSTRACT

uu

18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF PAGES USAMRMC

19b. TELEPHONE NUMBER (include area
78 code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




Army Award DAMD17-01-1-0689 (BESCT); Waun Ki Hong, M.D.
Annual Report: Reporting Period 15 March 2007 — 14 March 2008

TABLE OF CONTENTS

(0410 174 1 = 1
B & 2 2
INTRODLICTION...... ensoanss smansnnsnonsnnssmens 5o a0 R ot s s v oo s Sk &
PROGRESS REPORT (BODYYY cuususasssusssssssssnsisssmasssssssss s s ssos soisnvsssns ovsmmamis 4
T i PP —— 4
PHOBEE D i ooy s o i R R A e o A SR T 5
T G R E————— 12
Developmental Research Project ..........oeeiieiciesicciiiresiniensssissne s s sans 16

“ KEY RESEARCH ACCOMPLISHMENTS iciannamnssvisimsnmmimasussmimiimivs e 18
REPORTABLE OVUTEOMED wccusoussississssssisssmssassssssssssssssissssnssssn s siss spmsss ssssussasnes 18
O L TR OIS s o s S S NS B X AF AN BRI 19
N o [ R 20

APPENDIX A - PUDIICAtIONS. ..cciiiiiiiiiiiisieiiinssisnessnisassssssssssasnsssasssnsernnsen



Army Award DAMD17-01-1-0689 (BESCT); Waun Ki Hong, M.D.
Annual Report: Reporting Period 15 March 2007 — 14 March 2008

INTRODUCTION

Lung cancer is a devastating public health hazard worldwide. Advances in surgery, radiation
therapy, and chemotherapy of non-small cell lung cancer (NSCLC) have only led to a marginal
improvement in five-year survival. To reduce lung cancer incidence and mortality, it is imperative to
develop effective therapeutic and preventive strategies targeting lung cancer patients. The BESCT
program developed in 2001 aims to define molecular abnormalities contributing to lung cancer
initiation and progression and to develop innovative therapeutic approaches for this cancer. Our
specific aims are as follows:

¢ To understand molecular alterations in lung cancer
e To develop chemoprevention strategies for lung cancer
e To implement experimental molecular therapeutic approaches for lung cancer treatment

BESCT is composed of 3 research projects. This report describes the progress for the seventh
grant year (March 15, 2007 to March 14, 2008), year 2 of an unfunded extension from the
Department of Defense (DoD). This extension was requested due to unforeseen delays opening
the BESCT clinical trial to be conducted at Emory University and to complete remaining Specific
Aims.

PROGRESS REPORT (Body)

Project 1: Study Mechanisms of Molecular Alterations in Lung Cancer
(PI: Li Mao, M.D.)

Specific Aim 1 To determine the mRNA complex responsible for C-CAM1 splicing and
identify factor(s) regulating exon 7 splicing.

This Aim was completed as reported in 2005.

Specific Aim 2 To determine function of identified splicing factor(s) in regulation of
CEACAM1 and its potential alterations in lung cancer.

This Aim was summarized and completed in 2005. One publication resulted this year from the this
research (Wang et al., 2007).

Specific Aim 3 To determine function of DNA methyltransferases and their role in
controlling methylation and expression of critical tumor suppressor
genes and tumor antigen genes.

This Aim was completed in 2004.

Specific Aim 4 To determine expression and abnormalities of DNMT3B isoforms in

lung tumorigenesis and their association with de novo DNA
methylation patterns, and clinical applications.

Update

This aim was completed in 2006.
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Specific Aim 5 To determine expression of hnRNP-A1 variants in lung cancer cells and
their role in the regulation of pre-mRNA splicing.

Limited progress was made on this aim due to our inability to isolate the protein complex
responsible for the splicing abnormality. Thus, this task was terminated and our emphasis was
shifted to the extended task, Specific Aim 6, as reported last year.

Specific Aim 6 To determine the role of hepatoma-derived growth factor (HDGF) in
lung cancer.

Update

This Aim was completed in 2006.

Key Research Accomplishments
e All Aims were completed and reported last year.

Reportable Outcomes
Publications in peer-reviewed journals
e Wang J, Bhutani M, Pathak AK, Lang W, Ren H, Jelinek J, He R, Shen L, Issa J-P, Mao L.
ADNMT3B variants regulate DNA methylation in a promoter-specific manner. Cancer Res
67:10647-10652, 2007.

Conclusions

We have concluded this project. The research has demonstrated the importance of ADNMT3B, a
novel subfamily of DNMT3B discovered in the project, in lung tumorigenesis, the important role in
regulation of promoter methylation, and identified HDGF as a key factor in lung cancer
progression. These discoveries are progressing to the clinic through continued research and
licensing agreements.

Project 2: Develop Novel Strategies for Lung Cancer Chemoprevention
(Project Leader: Fadlo Khuri, M.D.)

Specific Aim 2.1 To evaluate the effects of oral bexarotene delivered to former smokers
by inhalation alone or in combination with celecoxib.

(PI: Fadlo Khuri, M.D)

As reported in 2004, we were unable to conduct the clinical trial proposed in the original Specific
Aim, “To evaluate the effects of aerosolized 13cRA delivered to former smokers by inhalation alone
or in combination with Celecoxib,” due to unexpected excessive toxicity with aerosolized delivery.
Initial clinical studies have indicated that retinoids decrease the incidence of second primary
tumors in patients who have previously undergone resection for NSCLC or head and neck cancer.
However, subsequent large-scale chemoprevention trials have demonstrated that retinoids induce
substantial toxicity and are of minimal benefit to individuals at high-risk for lung cancer, illustrating
the need for more effective lung cancer chemoprevention strategies.

We thus proposed the clinical trial “A Phase | Biologic Study of Bexarotene (Targretin® and
Celecoxib in Patients With Solid Tumors Previously Treated With Standard Chemotherapy.” The
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objective of this project was to evaluate the chemopreventive potential of bexarotene (Targretin®)
and non-steroidal anti-inflammatory agents (NSAIDs) (e.g., celecoxib) in high-risk lung cancer
patients.

Update

The protocol was reviewed and approved by Emory Institutional Review Board (IRB) on January 5,
2007. In last year's report, we had an agreement with Eisai Pharmaceuticals regarding the supply
of Targretin and expected to have the trial opened quickly. Although, the agreement to supply
Targretin was concluded, negotiations with Eisai fell through regarding several other points:

1) Emory requested the ability to terminate the study if needed to protect the health and safety of
study subjects.

2) Emory required indemnification from any claims that may come out of the use of results if Eisai
wanted the right to use study results for their respective purposes.

3) Eisai asked for outright ownership to inventions from the study but Emory does not feel this is
possible given Federal Funding is being utilized for the study.

Emory has been in negotiations with Eisai pharmaceuticals for over one year now. They have
been extremely slow in getting back to us at best and non-responsive at times. These issues
remain unresolved since Eisai bought Ligand Pharmaceuticals with whom we had negotiated the
original agreement for this trial.

We thus explored a similar proposal with AstraZeneca for a clinical trial with celecoxib and
ZD1839; however, a publication on celecoxib (Edelman et al., 2008) that came out the day of
proposal review dampened their initial enthusiasm. They requested that we review and resubmit in
two months.

As a result, we have had discussions with the Pl of BESCT, Dr. Hong, and representatives of the
DoD, to determine the best course of action to accomplish the original goals of this aim. We were
in agreement that, given the considerable time and effort and the outcome, we should not further
pursue an agreement and trial with Eisai. Second, given the litigious environment and press
surrounding celecoxib, it has also been agreed upon that we should not further pursue the trial with
AstraZeneca for this program. Consequently, the strategy to best accomplish our aims in a timely
manner under these circumstances is to synergize our program with the BATTLE program,
opening the trial at Emory, but with specific correlative research directed towards Aims 2.1 and 3.2.
Further details need to be worked out but will be done so in collaboration with Dr. Hong and the
DoD and submitted within the next few weeks.

Specific Aim 2.2 To evaluate effects of NSAIDs and 4HPR (replace 13cRA) as single
agents and in combinations on growth, apoptosis, and carcinogenesis
using an in vitro cell system and an animal model.

(Pl: Reuben Lotan, Ph.D.)

Because the retinoid 13cRA shows enhancement of lung cancer among smokers in a clinical trial
but has side effects, whereas the synthetic retinoid fenretinide [N-(4-hydroxyphenyl) retinamide,
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4HPR] is more potent with fewer side effects and has additive effects with celecoxib, we have
replaced 13cRA with 4HPR for subsequent in vitro and animal experiments.

Update

During the last year, we explored further the mechanisms by which 4HPR induces apoptosis in
NSCLC cells and possible nodes for convergence of mechanisms of action of NSAIDs (e.g.,
celelcoxib) and 4HPR that might explain their additive/synergistic effects. Our previous studies
have demonstrated that 4HPR induces apoptosis in lung cancer cells by increasing the generation
of reactive oxygen species (ROS). First, we investigated further the mechanism by which 4HPR
induces ROS in NSCLC cells by exploring steps that are upstream of ROS generation. One
possible source for ROS is NADPH oxidase, a multi-component electron-transfer complex
composed of the membrane-bound cytochrome b558 (gp91phox and p22phox) and the cytosolic
components (p67phox, p47phox, p40phox and Rac1). Upon activation, the cytosolic components
translocate to the plasma membrane where they associate with cytochrome b558, forming an
active NADPH oxidase. Because NADPH-mediated generation of ROS is involved in various
apoptosis signaling pathways, we hypothesized that it may be a target through which 4HPR
induces ROS generation and apoptosis.

Using the bronchioalveolar cancer cell line H522, we found that 4HPR activates the NADPH
oxidase regulatory subunit Rac and that this activation is involved in ROS increase and
subsequent apoptosis induction. The Rac1 inhibitor NSC-23766 suppressed the increase in ROS
in 4HPR-treated cells (Figure 1) indicating that Rac1 is upstream of ROS production.

_ H522 Figure 1. The H522 cells were seeded
:gg:;ms- 60 LM at a density of 8 x 10° cells per well in

6- AHPR ' 24-well plates for 24 hours after which
Jll 4HPR + NSC, 60 uM they were switched to serum-free

] medium alone or containing 60 pM
44 NSC-23766 and incubated overnight

prior to treatment with 5 yM of 4HPR
T for 1, 2, or 3 hours. ROS levels were
then assessed using the oxidation-

of sensitive fluorescent dye DCFH-DA
. and assessing its conversion to DCF.
0! T

1 2

Time (k)

ROS Levels

Targeting Rac1 expression using small interfering RNA (siRNA), which has been shown to down-
regulate Rac1, suppressed the induction of ROS generation by 4HPR in H522 cells by about 50%
(Fig. 2). These results indicate that NADPH oxidase may be the source of about 50% of the
enhanced ROS production induced by 4HPR with the rest coming presumably from the
mitochondria. Our new findings extend the target for 4HPR effects from the mitochondria (our
previous findings) to the NADPH oxidase system (this report).
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[ control  E 4HPR B Figure 2. H522 cells were transfected
[] sicontrol sicontrol + 4HPR with siCONTROL or Rac1-specific siRNA
{A siRac1 | siRac1 +4HPR and then transferred to 24-well plates.

The following day cells were switched to
serum-free medium in which they were
incubated overnight prior to assessment
of induction of ROS generation by 4HPR
as described in Fig. 1.

a
x

ROS Levels

Time (h)

Another mechanism that has been proposed to mediate 4HPR-induced apoptosis in other cancer
cells (e.g., neuroblastoma) is through an increase in the level of the sphingolipid ceramide.
Ceramide is generated from sphingomyelin breakdown through the activation of
sphingomyelinase or de novo by ceramide synthase. Ceramide has been shown to activate the
major pathways governing cell death such as the endoplasmic reticulum and mitochondria, both of
which we had found previously to be modulated by 4HPR. In addition, the NSAID celecoxib has
also been reported to increase ceramide level and this increase has been implicated in growth
inhibitory effects of celecoxib. Using the H522 lung cancer cells, we first determined the
constitutive levels of sphingolipids by employing mass spectrometry techniques. We found that
the H522 cells produce the following ceramide species in order of decreasing relative amounts: N-
nervonoyl-D-S, N-nervonoyl-D-sphingosine; N-lignoceroyl-DL-DHS, N-lignoceroyl-DL-
dihydrosphingosine; N-stearoyl-D-S, N-stearoyl-D-sphingosine; N-palmitoyl-DL-DHS, N-palmitoyl-
DL-dihydrosphingosine and N-oleoyl-D-S, N-oleoyl-D-sphingosine (Figure 3).

o Figure 3. H522 cells were plated in 10
= - cm diameter dishes and harvested by
- trypsinization after 24 hours. The cells
= were then sonicated and ceramides
£ 401 B were extracted with  chloroform.
= e Extracted samples were analyzed for
% 301 e ceramides using a Quattro Ultima
2 peeed LC/MS/MS (MicroMass Inc.,
= 207 P Manchester, UK) coupled to an Agilent
E o 1100 LC system.
o | KEH m__

Nervonoy! Lianoceroyl Stearoyl Palmitoyl Qleoy!
-D-S -DL-DHS  -D-8 -DL-DHS -D-§

We then asked whether 4HPR exerts any effect on the levels of these ceramides. We found that
4HPR increased the levels of several ceramide species compared to controls. An initial increase of
15 to 33 fold was observed in the levels of lignoceroyl-DL-DHS and N-palmitoyl-DL-DHS within 2
hours. The levels of the other ceramides increased by 2 to 4 fold. A second, more dramatic
increase was observed between 12 and 24 hours (Fig. 4).
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These increases in certain ceramides were much greater than the 3 to 10 fold reported in
neuroblastoma cells. Further, we were the first to use mass spectrometry to identify individual
ceramide species as previous studies only used thin layer chromatography, a much less
sophisticated and quantitative technique. Many of the changes induced by 4HPR including the
increase in ROS and activities of mitogen-activated protein kinases (MAPKs) as well as apoptosis
were inhibitable by antioxidants such as butylated hydroxyanisole (BHA) because they were
upstream of ROS. Rac1 activation described above was the first effect of 4HPR that we had
discovered to be an earlier event than ROS generation nad was therefore, not affected by BHA.
To determine whether ceramide increase was up- or downstream of ROS, we treated cells with
BHA and 4HPR concurrently and analyzed ceramide levels in H522 cells. We found that BHA
enhanced ceramide increase in 4HPR-treated cells (Fig. 5, left panel) although it did rescue 75% of
the cell population from 4HPR-induced apoptosis (Fig. 5, right panel).
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Figure 5. Left panel, H522 cells were plated in 10-cm dishes 24 h before co-treatment with 4HPR
(5 uM) and BHA (50 pM) or with each agent alone or none. The ceramide levels were determined
later by MS. Change of ceramide level are expressed as % of DMSO-treated control for BHA anq
of 4HPR-treated cells in 4HPR+BHA. Right panel, the cells were seeded in 96-well plates and tre3
with the single agents or their combination and cell survival was determined by SRB assay 2 d
later.
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Since BHA blocks ROS generation, these results indicate that the increases in ceramide levels are
independent of the increase in ROS generation induced by 4HPR in the H522 cells. Furthermore,
the finding that BHA enhanced the effect of 4HPR on the levels of most ceramide species while
suppressing 4HPR-induced cell death raised the question as to whether the increase in ceramide
contributes to apoptosis as claimed by others in neuroblastoma cells. To address this issue more
directly, we used Fumonisin B1 (FB1) a fungal toxin that can inhibit ceramide synthase. Figure 6
(left panel) shows that FB1 suppressed the increase induced by 4HPR in the levels of all ceramide
species except for Oleoyl-D-S, which is the least abundant ceramide in the H522 cells (Fig. 3).
Despite the suppression of 4HPR-induced ceramide increase, FB1 failed to decrease growth
inhibition or apoptosis induction by 4HPR (Fig. 6 (right panels). These results demonstrate that the
increase in ceramide levels by 4HPR is not involved in growth inhibition or apoptosis induction in

H522 cells.
3 100
B sHPr &
£ 80-
= B rei £
w E
g 5 4HPR+FB1 = 607
2 %
£ o
T 5 40
£ s T
[ e,
T 20 7,
E 17 i //
= - % & 7.
= i 4HPR FB1  4HPR+FB1
N (5uM) (100 M)
i3 35 100
o
Lignocerov| Palmitoyl  Nervonoy! Stearoyl Oleoyl 801
DL-OHS ~ -DL-DHS  -D-S X 0§
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o
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Figure 6. Left panel: Cells were plated in 10-cm

dishes and after 12 hrs, they were pretreated for 407

12 hrs with FB1 (100 pM) followed by 6 hr co- 401

treatment with both 4HPR (5 uM) and FB1 (100

uM). The cells were then harvested and 0

ceramide levels were determined by MS. Cotiol, 4HPR.  FRY BER

Right panels: Cells were seeded in 96-well plates and pretreated with FB1 (100
uM) for 12 h before co-treatment with 4HPR (5 uM) and FB1 (100 uM) for 48 hrs.
Growth inhibition and apoptosis were then determined by sulforhodamine B and
TUNEL assays, respectively.

Our in vivo chemoprevention studies have shown previously that 4HPR used as a single agent was
able to suppress lung carcinogenesis induced in Gprc5a knockout mice at a borderline significant
rate, whereas celecoxib alone failed to suppress carcinogenesis. During the last year, we
examined the effects of the combination of 4HPR and celecoxib and found that the combination of
agents had a greater effect than each agent alone. The data have been submitted for statistical
analysis to our core. In the near future we will examine tissue specimens from the lungs of these
mice to determine the underlying mechanisms for the chemopreventive effects of the combination
of the two agents.

10
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Specific Aim 2.3. To investigate whether genetic approaches to inhibit PI3K activity
decrease lung tumor size and number in k-ras mutant mice.
(Pl: Ho-Young Lee, Ph.D.)

This Aim was discontinued as reported in the 2004 Annual Report due to the variability in the
delivery system. A more reliable system was developed and, thus, pursued through our Lung
Cancer SPORE grant.

Specific Aim 2.4. To analyze differential gene expression between untreated NSCLC
cells and celecoxib-treated NSCLC cells using affymetrix
oligonucleotide microarrays and characterize genes that may be
implicated in mediating apoptosis induction.

(Pl: Reuben Lotan, Ph.D.)

Update

Due to the safety and legal challenges that have persisted with using celcoxib in the clinic, efforts
and costs of the gene expression analyses appear futile at this time as we will not have an
opportunity to translate any findings to the bedside. Therefore, we put greater efforts in exploring
the mechanism of fenretinide action in greater depth because it is likely to lead to clinical trials
especially in view of a renewed interest in 4HPR (febretinide) after new intravenous and oral
formulations have been developed recently. The NCI has taken a very active interest and role in
the development of this agent as seen by this summary of a meeting this past November:

DEPARTMENT OF HEALTH AND HUMAN SERVICES, PUBLIC HEALTH SERVICE, NATIONAL
INSTITUTES OF HEALTH NATIONAL CANCER INSTITUTE, 144th NATIONAL CANCER
ADVISORY BOARD, Summary of Meeting, November 27, 2007

"Dr. Niederhuber shared an example of the unique role that the NCI plays in the world of drug
development. He presented the results of a 26-year-old African-American female patient with
cutaneous T-cell lymphoma who was successfully treated at the NIH Clinical Center with
fenretinide (4-HPR), a synthetic drug related to vitamin A. Fenretinide was developed initially by
Johnson & Johnson in the 1970s as a chemopreventive agent and was brought to the NCI's Rapid
Access to Interventions Development (RAID) program by Dr. C. Patrick Reynolds of Children’s
Hospital in Los Angeles. Dr. Niederhuber said that a trial is underway to develop novel
formulations of IV fenretinide. The RAID program is instrumental in bridging the gap between the
lead discovery and drug delivery and provides the academic and small business communities with
access to preclinical contract research resources."”

Key Research Accomplishments

e Discovered that the small GTPase Rac, the regulatory subunit of the NADPH oxidase
complex, is the earliest target for 4HPR in the induction of cell death in lung cancer via ROS
generation.

¢ Excluded increase in ceramides as a mechanism for apoptosis induction by 4HPR.

Reportable Outcomes

We have published one manuscript; a second one has been revised and resubmitted to the journal
Cancer Research.

11
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Publications in peer-reviewed journals

e Schroeder CP, Yang P, Newman RA, Lotan R. Simultaneous inhibition of COX-2 and 5-
LOX activities augments growth arrest and death of premalignant and malignant human
lung cell lines. J. Exptl. Therap. Oncol, 6: 183-192, 2007.

e Kadara H, Tahara E, Kim HJ, Lotan D, Myers J, Lotan R. Involvement of Rac in 4HPR
induced apoptosis. Cancer Res 2008, resubmitted.

Conclusions

Our data suggest that 4HPR induces apoptosis by activating Rac1, which then mediates an
increase in reactive oxygen species leading to apoptosis. We also ruled out a role for ceramides in
this effect, although we found substantial increase in ceramides after 4HPR treatment. Focus has
been shifted from celecoxib to 4HPR as a clinical agent.

Project 3: Implement Experimental Molecular Therapeutic Approaches for Lung Cancer
(Project Leader: Fadlo Khuri, M.D.)

Specific Aim 3.1 To develop a relatively faithful murine model of lung cancer by
crossing the k-ras mutant mouse (T. Jacks) with p53 mutant missense
mouse (G. Lozano) and study the evolution of non-small cell lung
cancer in primary lung tumor model with metastatic potential and the
effectiveness of targeted agents in the model.

(PI: Guillermina Lozano, Ph.D.)

Update
This Aim was completed. The research was published in Oncogene this year, summarizing the

details for our K-ras / p53 double-mutant mouse. This model recapitulates lung adenocarcinoma
more faithfully demonstrating highly aggressive adenocarcinmoas that metastasize to multiple
intrathoracic and extrathoracic sites in a pattern similar to that found in humans. Gender
differences were also observed. Thus, this model is thought to be invaluable for future studies
relating to metastasis of human lung cancer.

Specific Aim 3.2 To evaluate novel signal transduction inhibitors alone, in combination
with one another, or with cytotoxic agents in the treatment of the
mouse lung cancer and, ultimately, in the treatment of human lung
cancers.

(Pl: Fadlo Khuri, M.D.)

Update
We have studied farnesyltransferase inhibitors (FTIs) including lonafarnib in the past five years and

found that lonafarnib increased microtubule acetylation and synergy with taxanes in anti-
proliferation activity. Detailed findings were published in Cancer Research (Marcus et al., 2005). If

12
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indeed synergy between taxanes and lonafarnib is achieved at low doses and is manifested by an
increase in microtubule acetylation, this is a hypothesis that needs to be tested prospectively.

We therefore designed a Phase Ib combination trial of lonafarnib and docetaxel in biopsy-
accessible solid tumor patients to combine lonafarnib with low doses of docetaxel weekly as an
extended study. We plan to continue collaborations with Adam Marcus, PhD, Assistant Professor
of Hematology & Oncology, Winship Cancer Institute, and Paraskevi Giannakakou, Ph.D. (now
Associate Professor of Medicine and Pharmacology at Cornell University) to further explore the
mechanism of this interaction while we initiate this Phase Ib protocol with serial biopsies to assess
the efficacy of this combination in various solid tumor patients.
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Figure 7. Effects of perifosine on the survival of NSCLC

cells (A) and their association with basal levels of p-Akt
(B). (A) Cell lines treated with different concentrations of
perifosine (PRFS) ranging from 1-20 uM. After 3 days,
the cells were subjected to sulforhodamine B assay to
determine viable cells. In addition, the p53 and PTEN
status of the cell lines is also indicated. (Mean of 4
replicates; error bars, standard deviation. (B) Cells were
harvested for whole cell protein lysates and analyzed by
western blot.

Figure 8. Perifosine cooperates with TRAIL to enhance DNA
fragmentation (A) and caspase activation (B) in human NSCLC
cells. (A) Cells plated in 96-well plates and treated with the given
doses of perifosine (PRFS) alone, 20 ng/ml TAIL alone, or TRAIL
+ PRFS on the second day. DNA fragmentation assays were
performed after 24 hrs. (Mean of triplicates; erro bars, standard
deviation) (B) H157 cells were treated with PRFS alone, TRAIL
alone, and the combination. Whole cell lysates were prepared
after 16 hrs and analvzed bv western blots as indicated.

The trial is supported by our NIH/NCI P01 (CA116676-01A1) Program Project grant and Sanofi-
Aventis pharmaceuticals, and lonafarnib is provided by Schering Plough. This trial is activated and
has 32 of a planned total of 36 patients accrued thus far. Two major responses have been seen,
including a complete clinical response in a patient with diffuse dermal metastases from squamous
cell skin cancer. The data has been submitted to AACR as a Late Breaking Abstract.

We have also published our results on the Akt inhibitor, perifosine (Elrod et al., 2007). Although
perifosine is in clinical trials, the mechanism of action is not well understood. We found that ERK
phosphorylation was decreased in all cell lines tested regardless of TRAIL-induced apoptosis.
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Consequently, we have concluded that for lung cancer, ERK inhibition is unlikely to be critical for
the apoptosis response observed with perifosine. Low levels of phosph-Akt and its further down-
regulation were associated with high sensitivity to perifosine-induced apoptosis. We also
demonstrated that the combination of perifosine and TRAIL, the ligand for the death receptor 5
(DR5), augmented induction of apoptosis is human NSCLC cell lines (Figure). Thus, we have
determined that perifosine, at clinically achievable concentrations, induces apoptosis by inhibiting
Akt phosphorylation, reducing total Akt levels. In addition, perifosine induced expression of TRAIL.

Specific Aim 3.3 To produce and test a liposomal gene-therapeutic strategy targeted to
a novel tumor suppressor gene located on chromosome 3p, both in the
mouse model and in human patients with advanced non-small cell lung
cancer.

(Pl: Charlie Lu, M.D)

Update

As reported in 2005, we completed the preclinical study and the preclinical data were used to
develop the phase | trial of DOTAP:cholesterol-FUS1 liposome complex (Human Gene Transfer
Protocol #0201-513). This trial is supported by a different mechanism and is ongoing, currently with
19 patients accrued. An abstract was presented at AACR last year (see Appendix), reporting that
the plasmid FUS1 was found to be expressed in 3 out of 3 post-treatment tumor biopsies (3 of 3
pretreatment tumor biopsies were negative). Once data analysis is completed, the manuscript will
be prepared and submitted.

Specific Aim 3.4 To develop specific vascularly targeted strategies to the vascular
endothelium of lung cancer cells to decrease the toxicity to
normal cells and enhance the therapeutic index.

(Pl: Ho-Young Lee, Ph.D)

Update

This research was completed last year and summarized in that report.

Specific Aim 3.5 To study in vivo and in vitro effects of farnesyl transferase inhibitors
and tyrosine kinase inhibitors in mouse models and, ultimately, in
humans with lung cancer.

(PI: Guillermina Lozano, Ph.D.)

Update

Manuscripts are being prepared and we are seeking additional funds from other sources to pursue
future studies.

Specific Aim 3.6 To measure differences in gene expression between lung tumors that
do or do not show metastasis, and in metastatic lesions themselves
using the Affymetrix gene chip system.
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(PI: Guillermina Lozano, Ph.D.)

Update

This aim was completed and reported in detail last year. Manuscripts are being prepared.

Specific Aim 3.7 To perform array CGH experiments to determine if other genomic
changes have occurred.
Specific Aim 3.8 To perform LOH studies at specific loci (if warranted from the data

obtained in Specific Aim 3.7).
(Leader: Guillermina Lozano, Ph.D.)

These studies will not be further pursued here due to lack of funds. Additional sources of the funds
will be sought to continue the studies.

Specific Aim 3.9 To evaluate GFE-1 peptide effects on blocking lung metastases in a rat
model.
(PI: Yun W Oh, M.D)

This Aim was concluded in 2005; Dr. Yun Oh discontinued participation in the BESCT program as
noted in an official letter to Dr. Julie Wilberding at that time.

Key Research Accomplishments

e Determined mechanism for perifosine in lung cancer therapy is related to phospo-Akt levels
and apoptosis.

e Determined that a combination of TRAIL ligand and perifosine induces increased levels of
apoptosis compared to either agent alone.

e Trial for FUS1-nanoparticles in stage IV lung cancer continues and preliminary report
demonstrates gene is expressed in target tissue.

¢ All aims have been completed.

Reportable Outcomes
Publications in peer-reviewed journals
e Elrod HA, Lin Y-D, Yue P, Wang X, Lonial S, Khuri FR, Sun S-Y. The alkylphospholipid
perifosine induces apoptosis of human lung cancer cells requiring inhibition of Akt and
activation of the extrinsic apoptotic pathway. Mol Cancer Ther 6(7):2029-38; 2007.

e Zheng S, El-Naggar AK, Kim ES, Kurie JM, Lozano G. A Genetic Mouse Model for
Metastatic Lung Cancer with Gender Differences in Survival. Oncogene 26:6896-6904,
2007.

Abstracts :

e Lu C, Sepulveda CA, Ji L, Ramesh R, O'Connor S, Jayachandran G, Hicks ME, Munden
RF, Lee JJ, Templeton NS, McMannis JD, Roth JA. Systemic therapy with tumor
suppressor FUS1-nanoparticles for stage IV lung cancer. AACR Annual Meeting, 2007,
Abstract #LB-348.
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Conclusions

The tasks (Aims) of Project 3 have been completed. We have 1) established a faithful mouse
model that recapitulates the metastatic nature of human lung cancer that will be invaluable to
further probe the molecular basis of metastatic lung cancer and for translational studies; 2)
demonstrated the synergistic effect of lonafarnib (SCH66336) with taxanes in anti-proliferation
activity; and 3) determined that NSCLC and HNSCC cells develop FTI SCH66336 resistance by
inducing survivin expression through an IGF-1R/Akt-dependent pathway. Thus, combining
inhibitors of IGF-1R, Akt, or survivin with FTI SCH66336 may be an effective anticancer therapeutic
strategy for patients with HNSCC or NSCLC.

We have also identified additional mechanisms to induce apoptosis and cell death in lung cancer
cells. Perifosine’s activity is closely related to the levels of phospho-Akt. We also determined that
this apoptosis can be increased by addition of TRAIL ligand to perifosine therapy.

Finally, we have shown that our nanoparticle system can deliver FUS1 to the target tissue and the
trial is ongoing.

Developmental Research Project: A Genetic/Combinatorial Algorithmic Strategy for
Anticancer Therapy Development
(PI: Ralph Zinner, M.D)

Targeted therapeutic agents are highly promising in combination because they are both well-
tolerated and interact with the targets that cause cancer. However, with new drugs added to the
list, the number of possible combinations rises exponentially beyond the capacity of any
foreseeable technology to fully screen. In addition, molecular insight often fails to predict
clinical performance of single agents, a difficulty that will likely remain as these drugs are
combined. We thus proposed a direct functional screen of combinations as a complement to the
molecular insight-based approach, MACS (Medicinal Algorithmic Combinatorial Screen), to identify
promising combinations that would be otherwise impossible to be found through a simple screen
alone. The foundation of MACS is a genetic algorithm. The study adopts a preclinical screen that
assesses anticancer efficacies of combinations with cell proliferation assays.

Specific Aim 1 To determine feasibility of screening process (robots, cell death
assays, combining drugs).

Update

We have submitted a publication with our results for a screen with 19 different drugs using MACS.
Details will be submitted in the next annual or final report, once accepted for publication. Two
different algorithms have been used and identified 4HPR, SAHA, and bortezomib to be the “fittest”
combinations of all drugs screened. Recent acquisition of funding from The University of Texas
Biomedical Engineering Seed Grant ‘Data Mining Combinations Derived from the Medicinal
Algorithmic Combinatorial Screen (MACS)” will enable this project to be continued.
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Specific Aim 2 To determine the range of outcomes and patterns of cellular response
from an initial screening of drug combinations.

Update

As previously reported, initial analyses of several power sets of 6 drugs in A549 cells showed that
67% of the variance could be explained by linear combinations. We have conducted 4 MAC
screens.

More than 500 combinations were studied through the process and were analyzed for linearity. In
addition, we will extend Aim 2 by conducting data mining and using pattern recognition analytical
tools to make predictions about novel combinations. In a separate but related proposal, we are
exploring a complementary method to MACS that will mine many combinations studied using
powerful analytical tools to learn whether we can make predictions about combinations not yet
studied. This goal will be accomplished through the recent establishment of the collaboration with
Dr. Elena Popova of Operations Research and Industrial Engineering at The University of Texas at
Austin, and Dr. Paul Damien at the McCombs School of Business, The University of Texas at
Austin, and the acquisition of additional funding through The University of Texas Biomedical
Engineering Seed Grant. These results are also detailed in the manuscript submitted.

Specific Aim 3 To develop genetic algorithm to guide selection and identification of
promising combinations of drugs.

The aim was concluded last year and a manuscript summarizing detailed findings of the study was
submitted to Molecular Cancer Therapeutics (Zinner et al., 2008), reviewed and editorial comments
are being addressed.

Key Research Accomplishments
e MACS screen with 19 different drugs identifying “best fit" drug combination.
e All Aims were completed. The manuscript is currently under review after submission.

Reportable Outcomes

Manuscript, submitted

e Zinner RG, Barrett BL, Popova E, Damien P, Volgin AY, Gelovani JG, Lotan R, Pisano C,
Lippman SM, Mills GB, Mao L, Miller JH. Medicinal Algorithmic Combinatorial Screen (MACS)
Is a Novel, Rapid, and Efficient Approach to the Identification of Therapeutic Combination Drug
Regimens. Mol Cancer Therap, 2008 (submitted).

In preparation:

o NCI R01, May 2007. We are proposing to analyze a reverse antibody array data of the triplet,
4SB, across multiple NSCLC cell lines (some data are already generated), and then
incorporate molecular insights into a MACS.

e NCI R21; To further develop the triplet, 4SB, in a head and neck mouse model developed by
Dr. Reuben Lotan at UT M. D. Anderson Cancer Center.

Conclusions
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This study demonstrates the potential feasibility for screening drug combinations of arbitrary size
using the Medicinal Algorithmic Combinatorial Screening (MACS) method, which can efficiently

identify highly-fit combinations of anticancer agents without prior molecular or functional insight into
the interactions of the combined drugs.
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KEY RESEARCH ACCOMPLISHMENTS
Project 1: Study Mechanisms of Molecular Alterations in Lung Cancer

e All Aims were completed and reported last year.

Project 2: Develop Novel Strategies for Lung Cancer Chemoprevention

o Discovered that the small GTPase Rac, the regulatory subunit of the NADPH oxidase
complex, is the earliest target for 4HPR in the induction of cell death in lung cancer via ROS
generation.

e Excluded increase in ceramides as a mechanism for apoptosis induction by 4HPR.

Project 3: Implement Experimental Molecular Therapeutic Approaches for Lung Cancer

e Determined mechanism for perifosine in lung cancer therapy is related to phospo-Akt levels
and apoptosis.

« Determined that a combination of TRAIL ligand and perifosine induces increased levels of
apoptosis compared to either agent alone.

e Trial for FUS1-nanoparticles in stage IV lung cancer continues and preliminary report
demonstrates gene is expressed in target tissue.

¢ All aims have been completed.

DRP: A Genetic/Combinatorial Algorithmic Strategy for Anticancer Therapy Development

e MACS screen with 19 different drugs identifying “best fit” drug combination.

e All Aims were completed. The manuscript is currently under review after submission.

REPORTABLE OUTCOMES
Manuscripts published in peer-reviewed Journals
e Elrod HA, Lin Y-D, Yue P, Wang X, Lonial S, Khuri FR, Sun S-Y. The alkylphospholipid
perifosine induces apoptosis of human lung cancer cells requiring inhibition of Akt and
activation of the extrinsic apoptotic pathway. Mol Cancer Ther 6(7):2029-38; 2007.

e Schroeder CP, Yang P, Newman RA, Lotan R. Simultaneous inhibition of COX-2 and 5-
LOX activities augments growth arrest and death of premalignant and malignant human
lung cell lines. J. Exptl. Therap. Oncol, 6: 183-192, 2007.

e Wang J, Bhutani M, Pathak AK, Lang W, Ren H, Jelinek J, He R, Shen L, Issa J-P, Mao L.
ADNMT3B variants regulate DNA methylation in a promoter-specific manner. Cancer Res
67:10647-10652, 2007.

e Zheng S, El-Naggar AK, Kim ES, Kurie JM, Lozano G. A Genetic Mouse Model for
Metastatic Lung Cancer with Gender Differences in Survival. Oncogene 26:6896-6904,
2007.
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Manuscripts, submitted

e Kadara H, Tahara E, Kim HJ, Lotan D, Myers J, Lotan R. Involvement of Rac in 4HPR
induced apoptosis. Cancer Res 2008, resubmitted.

e Zinner RG, Barrett BL, Popova E, Damien P, Volgin AY, Gelovani JG, Lotan R, Pisano C,
Lippman SM, Mills GB, Mao L, Miller JH. Medicinal Algorithmic Combinatorial Screen
(MACS) Is a Novel, Rapid, and Efficient Approach to the Identification of Therapeutic
Combination Drug Regimens. Mol Cancer Therap, 2008 (submitted).

Abstracts
e Lu C, Sepulveda CA, Ji L, Ramesh R, O'Connor S, Jayachandran G, Hicks ME, Munden
RF, Lee JJ, Templeton NS, McMannis JD, Roth JA. Systemic therapy with tumor
suppressor FUS1-nanoparticles for stage IV lung cancer. AACR Annual Meeting, 2007,
Abstract #LB-348.

CONCLUSIONS

In the 7™ year grant period, all aims but one (Aim 2.1) have been successfully completed. Due to
failed negotiations with Eisai after purchase of the original company, Ligand Pharmaceduticals, the
clinical trial of Project 2 (Aim 2.1) has failed to be opened. Our plan is to synergize with the
complementary DoD Program BATTLE to both treat patients and to collect specimens to
accomplish our original goals.

This year, we have an additional 4 publications and 2 more submitted, including 1 in Oncogene
and 1 in Cancer Research.

Project 1: This project has been completed with important discoveries in promoter methylation of
ADNMT3B family members and the discovery of HDGF. There findings are being taken to the clinic
through additional research and licensing agreements.

Project 2: The original goals of Aim 2.1 will best be served in a timely manner by synergizing with
the research in the DoD Program BATTLE. A formal proposal will be submitted for review. The
research for Aim 2.2 has been concluded but we have further discovered the convergence of
mechanisms and possible nodes for NSAIDs and 4HPr with the small GTPase Rac, which is
indicated as the earliest possible target for 4HPR.

Project 3: The tasks (Aims) of Project 3 have been completed. Two additional publications have
resulted, concluding this program. These publications described mechanistic research for
perifosine, identifying agents which may be synergistic in the clinic and described a novel mouse
model which be extremely valuable for future lung cancer metastases studies.

DRP: The study demonstrated the potential feasibility for screening drug combinations of arbitrary
size using the Medicinal Algorithmic Combinatorial Screening (MACS) method, which can
efficiently identify highly-fit combinations of anticancer agents without prior molecular or functional
insight into the interactions of the combined drugs. These findings have been submitted for
publication and have resulted in additional peer-reviewed funding for continuation.
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The alkylphospholipid perifosine induces apoptosis of
human lung cancer cells requiring inhibition of Akt
and activation of the extrinsic apoptotic pathway

Heath A. Elrod, Yi-Dan Lin, Ping Yue,
Xuerong Wang, Sagar Lonial, Fadlo R. Khuri,
and Shi-Yong Sun

Department of Hematology and Oncology, Winship Cancer
Institute, Emory University School of Medicine, Atlanta, Georgia

Abstract

The Akt inhibitor, perifosine, is an alkylphospholipid
exhibiting antitumor properties and is currently in phase
Il clinical trials for various types of cancer. The mecha-
nisms by which perifosine exerts its antitumor effects,
including the induction of apoptosis, are not well under-
stood. The current study focused on the effects of
perifosine on the induction of apoptosis and its underlying
mechanisms in human non-small cell lung cancer
(NSCLC) cells. Perifosine, at clinically achievable concen-
tration ranges of 10 to 15 pmol/L, effectively inhibited the
growth and induced apoptosis of NSCLC cells. Perifosine
inhibited Akt phosphorylation and reduced the levels of
total Akt. Importantly, enforced activation of Akt attenu-
ated perifosine-induced apoptosis. These results indicate
that Akt inhibition is necessary for perifosine-induced
apoptosis. Despite the activation of both caspase-8 and
caspase-9, perifosine strikingly induced the expression of
the tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) receptor, death receptor 5, and down-
regulated cellular FLICE-inhibitory protein (c-FLIP), an
endogenous inhibitor of the extrinsic apoptotic pathway,
with limited modulatory effects on the expression of other
genes including Bcl-2, Bcl-X,, PUMA, and survivin.
Silencing of either caspase-8 or death receptor 5 attenu-
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ated perifosine-induced apoptosis. Consistently, further
down-regulation of c-FLIP expression with c¢-FLIP small
interfering RNA sensitized cells to perifosine-induced
apoptosis, whereas enforced overexpression of ectopic
¢-FLIP conferred resistance to perifosine. Collectively,
these data indicate that activation of the extrinsic apop-
totic pathway plays a critical role in perifosine-induced
apoptosis. Moreover, perifosine cooperates with TRAIL
to enhance the induction of apoptosis in human NSCLC
cells, thus warranting future in vivo and clinical evaluation
of perifosine in combination with TRAIL in the treatment
of NSCLC. [Mol Cancer Ther 2007;6(7):2029 - 38]

Introduction

Alkylphospholipids are a class of antitumor agents which
target the cell membrane and induce apoptosis (1, 2).
Perifosine, the first orally bioavailable alkylphospholipid,
has shown antitumor activity in preclinical models and is
currently in phase II clinical trials (1, 3). The mechanisms
by which perifosine exerts its antitumor effect remain
unclear, although it seems to inhibit Akt (2, 4) and mitogen-
activated protein kinase activation (5), whereas inducing
c-Jun-NH;-kinase (JNK) activation (5). Perifosine has also
been shown to induce p2l expression leading to cell
cycle arrest (6). In addition, perifosine, in combination
with other antitumor agents such as the PDK1 inhibitor,
UCN-01 (7), histone deacetylase inhibitors (8), and the
chemotherapeutic agent etoposide (9), show synergistic
antitumor effects.

It is well known that there are two major apoptotic
pathways used by mammalian cells to undergo apoptosis.
One pathway involves signals transduced through death
receptors known as the extrinsic apoptotic pathway; the
second pathway relies on signals from the mitochondria
called the intrinsic apoptotic pathway. Both pathways
involve the activation of a set of caspases, which in turn,
cleave cellular substrates and result in the characteristic
morphologic and biochemical changes constituting the
process of apoptosis (10, 11). The extrinsic pathway is
characterized by the oligomerization of cell surface death
receptors and activation of caspase-8, whereas the intrinsic
pathway involves in the disruption of mitochondrial
membranes, the release of cytochrome ¢, and the activation
of caspase-9. Through caspase-8—-mediated cleavage or
truncation of Bid, the extrinsic death receptor apoptotic
pathway is linked to the intrinsic mitochondrial apoptotic
pathway (10, 11).

Molecules that can block the extrinsic apoptotic pathway
include cellular FLICE-inhibitory protein (c-FLIP). ¢-FLIP
prevents caspase-§ activation by death receptors. There
are two major isoforms of c-FLIP: FLIP;, consists of two
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NH,-terminal death effector domains and a COOLH-
terminal caspase homology domain devoid of enzymatic
activity, whereas FLIPg is only composed of the NH,-
terminal death effector domains and a short COOH-
terminal stretch of amino acids not found in FLIP,. It has
been shown that ¢-FLIP expression correlates with resis-
tance against death receptor—induced apoptosis in a
variety of cancer cells, and c-FLIP—-transfected tumor cell
lines develop more aggressive tumors in vivo (12, 13). In
addition, many studies have shown that down-regulation
of ¢-FLIP is sufficient to confer sensitivity against death
receptor-induced apoptosis, whereas c-FLIP expression is
associated with chemoresistance and down-regulation of
c-FLIP using antisense oligonucleotides or small interfering
RNAs (siRNA) sensitizes cells to chemotherapeutic agent-
induced apoptosis (12-14).

Akt is known to be critical for tumor cell survival. One of
the ways that Akt promotes cell survival is to inhibit
apoptosis through its ability to phosphorylate several
proapoptotic proteins such as Bad, which are involved in
the regulation of the intrinsic apoptotic pathway (15).
Moreover, Akt also inhibits the extrinsic death receptor—
mediated apoptotic pathway through up-regulation of
c-FLIP expression (16, 17). Thus, Akt negatively regulates
apoptosis by suppressing both the mitochondria- and death
receptor—mediated pathways.

The induction of apoptosis by perifosine has been
observed in several cancer cell lines (3, 8, 9, 18). However,
this effect has not been determined in non-small cell lung
cancer (NSCLC) cells. Moreover, the mechanisms by which
perifosine induces apoptosis is generally unknown. In
this study, we examined the effects of perifosine on
apoptosis in human NSCLC cells and its modulation on
different apoptotic molecules in an attempt to understand
its mechanisms of action. Our data show that perifosine
induces apoptosis, inhibits Akt activation, up-regulates
death receptor 5 (DR5) expression, and reduces c-FLIP
levels in NSCLC cells. In addition, perifosine in combina-
tion with tumor necrosis factor—related apoptosis-inducing
ligand (TRAIL) augments the induction of apoptosis.

Materials and Methods

Reagents

Perifosine was supplied by Keryx Biopharmaceuticals,
Inc. This agent was dissolved in PBS and stored at —20°C.
Stock solution was diluted to the appropriate concentra-
tions with growth medium immediately before use.
IHuman recombinant TRAIL was purchased from Pepro-
Tech, Inc.

Cell Lines and Cell Culture

The human NSCLC cell lines used in this study were
described previously (19). H157 cell lines that stably
express ectopic Lac Z (Lac Z-5) and FLIP; (FLIP;-6),
respectively, and A549 cell lines that stably express ectopic
Lac Z (Lac Z-9) and FLIP_ (FLIP.-2), respectively, were
described previously (20, 21). These cell lines were grown
in a monolayer culture in RPMI 1640 supplemented with

glutamine and 5% fetal bovine serum at 37°C in a
humidified atmosphere consisting of 5% CO; and 95% air.

Cell Growth Assay

Cells were cultured in 96-well cell culture plates and
treated the next day with the agents indicated. Viable cell
number was estimated using the sulforhodamine B assay,
as previously described (19).

Western Blot Analysis

Preparation of whole cell protein lysates and Western
blot analysis were described previously (22, 23). Mouse
anti—caspase-3 monoclonal antibody was purchased from
Imgenex. Rabbit polyclonal antibodies against PTEN, Akt,
phospho (p)-Akt (Ser'”®), phospho (p)-FKHR (Ser™®),
phospho (p)-G5K3p (Ser®), c-Jun, phospho (p)-c-Jun
(Ser®), p44/42, phospho (p)-p44/42 (Thr*™/Tyr*"), sur-
vivin, caspase-8, caspase-9, poly(ADP-ribose) polymerase
(PARP) were purchased from Cell Signaling Technology.
Rabbit polyclonal anti-DR5 antibody was purchased from
ProSci, Inc. Mouse monoclonal anti-FLIP antibody (NF6)
was purchased from Alexis Biochemicals. Rabbit anti-
G3PDH polyclonal antibody and mouse anti-Bax monoclo-
nal antibody were purchased from Trevigen. Rabbit
anti-Puma polyclonal antibody was purchased from EMD
Biosciences, Inc. Mouse anti—Bel-2 and rabbit anti-Bcl-X,
antibodies were purchased from Santa Cruz Biotechnology,
Inc. Rabbit anti-p-actin polyclonal antibody was pur-
chased from Sigma Chemicals. Secondary antibodies, goat
anti-mouse and goat anti-rabbit horseradish peroxidase
conjugates, were purchased from Bio-Rad.

Adenoviral Infection

Adenovirus harboring an empty vector (Ad-CMV) or
a constitutively activated form of Akt (myristoylated Akt;
Ad-myr-Akt) were provided by Lily Yang (Department of
Surgery, Emory University School of Medicine, Atlanta,
GA). The procedure for adenoviral infection of cancer cells
was described previously (24).

Gene Silencing Using siRNA

Silencing of caspase-8, DR5, c-FLIP, and PTEN were
achieved by transfecting siRNA using RNAifect transfec-
tion reagent (Qiagen) following the instructions of the
manufacturer. Control, caspase-8, and DR5 siRNAs were
described previously (22). These siRNAs and ¢-FLIP siRNA
targeting the sequence 5-AATTCTCCGAACGTGTCAC-
GT-3' (14) were all synthesized from Qiagen. PTEN siRNA
was purchased from Cell Signaling. Cells were plated in
6- or 24-well cell culture plates and transfected with the
given siRNAs the next day. After 24 h, the cells were
trypsinized and replated in new plates, and on the second
day, treated with perifosine as indicated. Gene silencing
effects were evaluated by Western blot as described above
after the indicated times of treatment.

Apoptosis Assays

Apoptosis was detected either by analysis of caspase
activation using Western blot analysis as described above
or by Annexin V staining using Annexin V-PE apoptosis
detection kit (BD Bioscience) following the instructions of
the manufacturer, and analyzed by flow cytometry using
FACScan (Becton Dickinson). In addition, we measured
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the amounts of cytoplasmic histone-associated DNA
fragments (mononuclecsome and oligonucleosomes)
formed during apoptosis using a Cell Death Detection
ELISA™* kit (Roche Molecular Biochemicals) according to
the instructions of the manufacturer.

Results

Effects of Perifosine on Cell Survival and Apoptosis
in NSCLC Cells

The effects of perifosine on cell survival were examined
in a panel of NSCLC cell lines (Fig. 1A). For the majority of
the cell lines tested, there was a dose-dependent decrease
in cell survival. The H460 cell line was the most sensitive
to perifosine, showing an ICs; value of ~1 pmol/L. The
H226 cell line was the most resistant to perifosine, in which
perifosine at 20 pmol/L decreased cell survival by <20%.
Most of the tested cell lines exhibited moderate response to
perifosine with ICsgs ranging from 8 to 15 umol/L (Fig. 1A),
which are within the clinically achievable and safe peak
plasma concentrations of 12 to 15 umol/L (25, 26). The p53
and PTEN mutation status in the NSCLC cell lines tested
did not correlate with sensitivity to perifosine, suggesting
that perifosine inhibits cell growth independently of p53
and PTEN mutation status (Fig. 1A). In addition, we
examined the protein expression levels of PTEN, total Akt,
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Figure 1. Effects of perifosine on the survival of NSCLC cells (A) and
their association with basal levels of p-Akt (B). A, cell lines treated with
different concentrations of perifosine (PRFS) ranging from 1 to 20 pmol/L.
After 3 d, the cells were subjected to sulforhodamine B assay for
estimating the viable cells. In addition, the p53 status and PTEN status of
the cell lines were also indicated. Points, means of four replicate
determinations; bars, SD. B, cell lines with similar cell densities were
harvested for the preparation of whole cell protein lysates. The indicated
proteins were analyzed by Western blot analysis.
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and p-Akt in the cell lines tested. It seemed that those cell
lines (e.g., H460 and H358) with low levels of p-Akt and
high levels of PTEN were the most sensitive to perifosine
(Fig. 1B).

We further examined the effects of perifosine on
apoptosis in NSCLC cell lines. As shown in Fig. 2A,
perifosine induced apoptosis in H460 and A459 cells as
indicated by Annexin V-positive staining. At concentra-
tions of 10 pmol /L, perifosine induced cell death in ~50%
of H460 cells, whercas apoptosis was induced in 23%
and 33% of the A549 cells after treatment with 10 and
15 umol/L of perifosine, respectively, suggesting that the
H460 cells were more sensitive to perifosine-induced
apoptosis. The HI157 cells were the least sensitive to
perifosine-induced apoptosis with only 10% of H157 cells
undergoing apoptosis after treatment with 15 pmol/L of
perifosine. We found that perifosine at concentrations
ranging from 2.5 to 10 umol/L induced cleavage of
caspase-8, caspase-9, caspase-3, and PARP in H460 cells,
whereas it induced partial cleavage of the caspases and
PARP only at 10 umol/L in A549 cells (Fig. 2B). In H157
cells treated with perifosine (up to 10 umol/L), we failed to
detect cleaved bands of the caspases and PARP (Fig. 2B).
Because perifosine is effective in decreasing cell number in
H157 cells (Fig. 1), we further examined cell cycle alteration
in H157 cells after exposure to perifosine and detected
17.9%, 35.8%, and 42.4% G,-M cells in cells treated with
PBS, 10 pmol/L of perifosine, and 15 pmol /L of perifosine,
respectively, after a 48 h treatment, indicating that
perifosine primarily decreases cell numbers in H157 cells
via induction of cell cycle arrest. In the following studies,
we focused on revealing the mechanisms underlying
perifosine-induced apoptosis.

Effects of Perifosine on the Phosphorylation of Akt,
JNK, and ERK

Perifosine has been shown to modulate Akt as well as
other signaling pathways (6, 18, 27). We therefore examined
whether perifosine modulated similar signal transduction
pathways in human NSCLC cells. In examining Akt
phosphorylation, we observed that both H460 and A549
cells have very low basal levels of p-Akt, whereas H157
cells have much higher basal levels of p-Akt. When
comparing the apoptosis results presented in Fig. 24, it
seems that low basal levels of p-Akt correlated with high
sensitivity to perifosine-induced apoptosis. These cell lines
exhibited a concentration-dependent decrease in p-Akt
levels when exposed to perifosine (p-Akt levels were only
detectable in H460 cells after a very long exposure).
Interestingly, perifosine also decreased the levels of total
Akt in the tested cell lines (Fig. 3A) and the degree of Akt
down-regulation also seemed to correlate with cell sensi-
tivity to perifosine-induced apoptosis. In H460 cells,
decreases in both Akt and p-Akt levels occurred at 3 h after
treatment with perifosine (Fig. 3B), indicating that Akt
down-regulation is an early event. In H157 cells, Akt levels
were only slightly decreased, whereas p-Akt levels were
substantially (by 2.5 pmol/L of perifosine) and rapidly
(3 h posttreatment) reduced upon perifosine treatment
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(Fig. 3A and B). These results suggest that the perifosine-
mediated decrease in p-Akt levels could be due to either
Akt protein down-regulation or upstream signaling sup-
pression, depending on the cell lines used. To our
knowledge, this is the first demonstration that perifosine
down-regulates the levels of total Akt in human cancer
cells. We also detected a decrease in the levels of p-FKHR
and p-GSK3p, two well-known substrates of Akt (Fig. 3B),
furthering the notion that perifosine inhibits Akt signaling
in NSCLC cells.

In examining other signal transduction pathways, we
observed the basal levels of p-c-Jun were very low in the
tested NSCLC cells and were only slightly increased by
perifosine in H157 cells, indicating that perifosine-induced
JNK activation was a cell line-dependent event. Perifosine
did not alter the levels of p42/44, but did decrease the
levels of p-p42/44 in all three cell lines tested (Fig. 3A).
These data indicate that perifosine down-regulates the ERK
(or p42/44) signaling pathway in NSCLC cells.

Enforced Akt Activation Attenuates Perifosine-
Induced Apoptosis

To decipher the role of Akt inhibition in perifosine-
induced apoptosis, we artificially activated Akt in H460
cells by infecting the cells with adenoviruses carrying a

H460

myr-Akt gene that codes a constitutively activated form of
Akt, and then examined the response of these cells to
perifosine treatment. Using Western blot analysis, we
detected high levels of myr-Akt, p-Akt, and p-GSK34 in
cells infected with Ad-myr-Akt (Fig. 3C). In addition,
infection of cells with Ad-myr-Akt also elevated the levels
of c-FLIP, which has been shown to be regulated by Akt.
(refs. 16, 17; Fig. 3C). In Ad-CMV-infected control cells,
treatment with perifosine caused 37% apoptotic cell death
(9% in PBS-treated cells) plus 15.2% necrotic cell death.
However, we detected only 16% apoptosis (~12% in PBS-
treated cells) and <2% necrosis in cells infected with
Ad-myr-Akt after treatment with perifosine (Fig. 3D).
These results clearly show that enforced Akt activation
restores cell resistance to perifosine-induced apoptosis,
thus indicating that Akt inhibition is necessary in mediat-
ing perifosine-induced apoptosis.

Given that there is an inverse relationship between PTEN
expression and p-Akt levels (Fig. 1B), we further deter-
mined whether down-regulation of PTEN affects p-Akt
levels and cell sensitivity to perifosine. Knockdown of
PTEN using PTEN siRNA in H460 cells, which is the most
sensitive cell line to perifosine and have the highest levels
of PTEN (Fig. 1), increased basal levels of p-Akt. However,
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Figure 2. Effects of perifosine on
apoptosis induction (A) and caspase
activation (B), and involvement of
caspase-8 activation in perifosine-
induced apoptosis (C and D) in
NSCLC cells. A, cell lines treated with
the given concentrations of perifosine
(PRFS) for 24 h and harvested for the
estimation of apoptosis by Annexin V
staining. Early apoptotic (bottom
right), late apoptotic (top right), and
necrotic (top left) cells. B, the indi-
cated cell lines were treated with the
given concentrations of perifosine for
16 h and harvested for the detection
of caspase cleavage by Western anal-
ysis. C and D, H460 cells were
seeded in 24-well plates and trans-
fected with control (Ctrl) or caspase-
8 siRNA the next day. After ~24 h,
the cells were trypsinized and replated
in new 6-well (C) or 96-well (D)
plates. On the second day, the cells
were treated with PBS or 5 umol/L of
perifosine. After 16 h, the cells were
subjected to Western blot analysis for
the indicated proteins (C) or ELISA for
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Figure 3. Modulation of Akt, JNK, A H460 A549 H157
and ERK signaling pathways by perifo- T 1 1T 1
sine (A and B), and involvement of Akt PRFS[UM]: 025 510 025510 0255 10

inhibition in perifosine-induced apopto-
sis {C and D) in human NSCLC cells.
A and B, NSCLC cell lines treated with
the given concentrations of perifosine
(PRFS) for 16 h (A) or with 10 pmol/L
(H157) or 5 umol/L (H460) of perifosine
for the indicated times (B). The cells
were then subjected to a preparation of
whole cell protein lysates and subse-
quent detection of the indicated proteins
using Western blot analysis. C and D,
H460 cells were infected with a multi-
plicity of infection of 200 Ad-CMV or
Ad-myr-Akt. Twenty-four hours later,
the cells were exposed to 10 pmol/L of
perifosine. After 24 h, the cells were
harvested for analysis of the given
proteins by Western blotting (C) and
for the detection of apoptosis by
Annexin V staining (D). SE, short
exposure.
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the p-Akt increase caused by PTEN knockdown could be
abrogated by perifosine treatment. Surprisingly, perifosine
decreased PTEN levels, which itself did not result in an
increase of p-Akt levels, probably because perifosine also
inhibits Akt phosphorylation (see Supplemental Fig. S1A).!
As a result, down-regulation of PTEN by siRNA did not
alter cell sensitivity to perifosine as shown by measuring
cell number change (Supplemental Fig. S1B), caspase
activation (Supplemental Fig. S1A),' and apoptotic cells
(Supplemental Fig. S1C).!

Effects of Perifosine on the Expression of Key
Molecules Involved in the Regulation of Apoptosis

To further explore how perifosine induces apoptosis,
we next examined the effects of perifosine on the
expression of several key genes involved in either the
extrinsic apoptotic pathway (e.g., DR5 and ¢-FLIP) or
the intrinsic apoptotic pathway (e.g., Bax, Bcl-2, Bcl-X;,
PUMA, and survivin). Perifosine increased the levels of
DR5, particularly in H460 cells (Fig. 4). It seems that DR5
induction is associated with increased sensitivity of cell
lines to perifosine. c-FLIP is another key protein that

1 Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).
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inhibits the extrinsic apoptotic pathway by blocking
caspase-8 activation (12). The H460 cells, which are the
most sensitive to perifosine, had very low basal levels of
¢-FLIP, particularly FLIP;, which were further down-
regulated by perifosine, whereas the less sensitive A549
and H157 cells have high basal levels of ¢-FLIP, particularly
FLIPy, which were only weakly decreased by perifosine.
Perifosine also decreased FLIPg levels in these cell lines
(Fig. 4). It seems that low levels of c-FLIP and their further
down-regulation by perifosine were associated with high
sensitivity to perifosine-induced apoptosis. Collectively,
these results suggest that activation of the DR5-mediated
extrinsic apoptotic pathway is important in perifosine-
induced apoptosis.

In examining the signaling molecules involved in the
intrinsic apoptotic pathway, we found that perifosine did
not significantly alter the levels of Bel-2 in NSCLC cells
(Fig. 4). Surprisingly, perifosine decreased Bax levels in all
the tested NSCLC cell lines. Perifosine decreased Bel-X
levels in H460 cells that were very sensitive to perifosine,
but not in A549 and H157 cells that were less sensitive to
perifosine (Fig. 4). These data suggest that Bcl-X; down-
regulation may affect cell sensitivity to undergo perifosine-
induced apoptosis. H460 cells had low basal levels of
survivin, which were further decreased by perifosine,
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tion of the indicated proteins using
Western blot analysis. B and C, H460
cells were seeded in six-well plates and
transfected with control {Ctrl) or DRS

w" siRNA the next day. After — 20 h, the
' cells were trypsinized and replated in
new 6-well (B) or 96-well (C) plates. On

a Ctrl siRNA the second day, the cells were treated

with PBS or 7.5 pumol/L of perifosine.
After 16 h, the cells were subjected to
Western blot analysis for the detection
of the indicated proteins (B) or ELISA for
the measurement of DNA fragments (C).
Columns, means of triplicate determi-
nations; bars, SD; CF, cleaved form.

whereas H157 and A549 cells had high levels of survivin,
which were apparently not altered by perifosine (Fig. 4).
Thus, it seems that low basal levels of survivin and its
further down-regulation with perifosine are also associated
with increased cell sensitivity to perifosine-induced apo-
ptosis. PUMA was slightly increased in A549 and H157
cells, but not in H460 cells, suggesting that PUMA was not
important in perifosine-induced apoptosis.

Perifosine Cooperates with TRAIL to Enhance the
Induction of Apoptosis

Because perifosine induces DR5 expression and down-
regulates c-FLIP levels, we hypothesized that perifosine
would cooperate with TRAIL, a DR5 ligand, to enhance the
induction of apoptosis. Thus, we examined the effects of
perifosine in combination with TRAIL on apoptosis
induction in NSCLC cells. As shown in Fig. 5A, perifosine
in combination with TRAIL induced higher levels of DNA
fragments than did each single agent alone. Moreover,
increased amounts of cleaved caspase-8, caspase-9, cas-
pase-3, and PARP were detected in cells treated with the
perifosine and TRAIL combination, but were only mini-
mally detected in cells treated with either perifosine or
TRAIL alone (Fig. 5B). Thus, we conclude that perifosine
cooperates with TRAIL to enhance the induction of
apoptosis.

Perifosine Induces Apoptosis Requiring Caspase-
8 Activation and DR5 Up-regulation

The data presented above strongly suggest a role for the
activation of the extrinsic apoptotic pathway in perifosine-
induced apoptosis. Thus, we determined whether perifo-
sine induces apoptosis requiring activation of caspase-8 and
up-regulation of DR5. To this end, we silenced the

PBS PRFS

expression of caspase-8 and DR5 using caspase-8 and
DR5 siRNAs, respectively, and then examined cell sensi-
tivity to perifosine. By Western blotting, we detected
substantially reduced levels of caspase-8 levels including
cleaved forms in H460 cells transfected with caspase-8
siRNA compared with those in control siRNA-transfected
cells (Fig. 2C), indicating successful caspase-8 knockdown
or inhibition of caspase-8 activation. Accordingly, clecavage
of caspase-3 and PARP and an increase in DNA fragmen-
tation were also attenuated in caspase-8 siRNA-transfected
cells in comparison with control siRNA-transfected cells
(Fig. 2C and D). These results indicate that perifosine
induces a caspase-8—dependent apoptosis. Similarly, silenc-
ing of DR5 expression using DR5 siRNA abrogated DR5
induction (Fig. 4B) and impaired the ability of perifosine to
induce cleavage of caspase-8, caspase-3, and PARP (Fig. 4B).
In addition, an increase in DNA fragmentation in DR5
siRNA-transfected cells was also reduced compared with
control siRNA-transfected cells (Fig. 4C). These data show
that DR5 up-regulation is also involved in perifosine-
induced apoptosis.

Manipulation of c-FLIP Levels Regulates Cell Sensitiv-
ity to Perifosine-Induced Apoptosis and Enhancement
of TRAIL-Induced Apoptosis

To further show that the activation of the extrinsic
apoptotic pathway participates in perifosine-induced apo-
ptosis, we examined the sensitivity of cell lines that express
ectopic FLIP; to perifosine-induced apoptosis. As pre-
sented in Fig. 6A, perifosine increased DNA fragmentation
in a dose-dependent fashion in H157-Lac Z-5 cells, but only
minimally in H157-FLIP;-6 cells. As a positive control
treatment, TRAIL-induced increase in DNA fragmentation
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was abolished in H157-FLIP; -6 cells. Similarly, perifosine-
induced increase in DNA fragmentation was also abrogat-
ed in A549-FLIP;-2 cells in comparison with A549-Lac Z-9
cells (Fig. 6B). Together, these results clearly show that
overexpression of ectopic c-FLIP protects cells from
perifosine-induced apoptosis.

Because c-FLIP down-regulation was often associated
with the enhancement of TRAIL-induced apoptosis (20, 21,
28), we further compared apoptosis induction by the
combination of perifosine and TRAIL between A549-Lac
7-9 and A549-FLIP;-2 cell lines. In agreement with the
results presented in Fig. 5, the combination of perifosine
and TRAIL was much more potent than either perifosine
or TRAIL alone in increasing DNA fragmentation in A549-
Lac Z-9 cells. However, not only perifosine and TRAIL
alone but also their combination exhibited minimal effects
on increasing DNA fragmentation in A549-FLIP -2 cells
(Fig. 6B). These results clearly show that overexpression of
ectopic ¢-FLIP confers cell resistance to the combination of
perifosine and TRAIL, indicating that c-FLIP down-
regulation contributes to perifosine-mediated enhancement
of TRAIL-induced apoptosis.

Because the cell lines, A549 and H157, with high basal
levels of ¢-FLIP were relatively less sensitive than H460

Molecular Cancer Therapeutics 2035

cells which have low basal levels of c-FLIP to perifosine-
induced apoptosis, we wanted to determine whether
down-regulation of c-FLIP sensitized cells to perifosine-
induced apoptosis. To this end, we silenced the expres-
sion of c-FLIP (both FLIP;, and FLIPg) using siRNA in
A549 cells, and then examined their response to peri-
fosine-induced apoptosis. As presented in Fig. 6C,
transfection of ¢-FLIP siRNA reduced the levels of both
FLIP; and FLIPs, which were further reduced after
treatment with perifosine. Those cells whose expression
of c-FLIP had been reduced with siRNA were more
sensitive to caspase-8, caspase-3, and PARP cleavage after
perifosine treatment compared with control cells, indicat-
ing that c-FLIP levels indeed affect cell sensitivity to
perifosine-induced apoptosis.

Discussion

In this study, we have shown that perifosine exerts its
growth-inhibitory effects in a panel of NSCLC cell lines,
primarily through the induction of apoptosis and/or cell
cycle arrest. Importantly, perifosine inhibited the growth
of most of the tested NSCLC cell lines with IC5ys ranging
between 8 and 15 pmol/L (Fig. 1A), which are within the
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clinically achievable and safe peak plasma concentration
ranges (ie., 10-15 umol/L; refs. 25, 26), suggesting the
potential of perifosine in the treatment of NSCLCs.

Modulation of Akt, JNK, and ERK signaling pathways
and their involvement in perifosine-induced apoptosis has
been studied in other types of cancer cells (4, 18, 27).
Despite the proapoptotic role of JNK activation in
perifosine-induced apoptosis in multiple myeloma (18),
we found that perifosine increased p-c-Jun only in one (i.e.,
H157 cells) of three cell lines tested (Fig. 3A). Given that
H157 cells were relatively insensitive to perifosine-induced
apoptosis (Fig. 2), we suggest that JNK activation is
unlikely to account for the perifosine-induced apoptosis
in human NSCLC cells. Perifosine was reported to either
decrease or increase ERK phosphorylation depending on
cancer cell type (5, 18, 27). In our study, perifosine
decreased ERK phosphorylation in all of the three tested
cell lines tested, regardless of cell sensitivity to TRAIL-
induced apoptosis. Thus, we suggest that ERK inhibition is
also unlikely to be critical for perifosine-induced apoptosis
in human NSCLC cells.

Although perifosine inhibits Akt activation in different
types of cancer cells including the NSCLC cells shown in
the current study, enforced activation of Akt through
overexpression of the constitutively activated form of
Akt, myr-Akt, protects cells from perifosine-induced cell
death in one type of cancer cell line (e.g., PC-3 prostate
cancer cells; ref. 4) but not in another type of cancer cell
(e.g., MM.1S multiple myeloma cells; ref. 18). In our
study, we found that the low basal levels of p-Akt (e.g.,
H460 < A549 < H157) and its further down-regulation
were associated with high sensitivity to perifosine-

siRNA:  Ctrl c-FLIP Figure 6. Overexpression of ectop-
ic c-FLIP (A and B) and silencing of
Perifosine: - + - 4 c-FLIP expression (C) modulate cell
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ptosis. A, H157 cell lines that stably
express Lac Z and FLIP,, respectively,
were treated with the indicated con-

FLIP, > C—

FLIP, — : i s
s centrations of perifosine (PRFS) or
& " TRAIL. B, A549 cell lines that stably
asps ” express Lac Z and FLIP, respectively,

@ <« cFs  were exposed to 10 umol/L of peri-
fosine, 20 ng/mL of TRAIL, and the
combination of perifosine and TRAIL
(P + T). Twenty-four hours later,

after the aforementioned treatment,

Casp-3 (ENE—

PARP - - the cells were subjected to estimation
of DNA fragmentation using the Cell

cFs Death Detection ELISA kit. Columns,

mean of triplicate determinations;

- bars, SD. C, A549 cells plated in

24-well plates were transfected with
control (Ctrl) or c-FLIP siRNA. Twenty-
four hours later, the cells were ex-
posed to 10 pmol/L of perifosine
(PRFS). After 24 h, the cells were
subjected to a preparation of whole
cell protein lysates and subsequent
detection of the indicated proteins
using Western blot analysis. CFs,
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induced apoptosis (H460 > A549 > H157; Figs. 1 and
2). Moreover, overexpression of myr-Akt in H460 cells
led to increased levels of p-Akt and resistance to
perifosine-induced apoptosis (Fig. 3). Collectively, we
conclude that Akt inhibition plays an important role in
mediating perifosine-induced apoptosis in human lung
cancer cells. We noted that perifosine decreased the levels
of total Akt in some NSCLC cells (e.g., H460 and A549),
the potency of which is associated with cell sensitivity to
perifosine-induced apoptosis, in addition to decreasing
Akt phosphorylation. To the best of our knowledge, this
is the first demonstration that perifosine decreases the
total levels of Akt. Given that Akt reduction is an carly
event, which occurred at 3 h post-perifosine treatment
(Fig. 3B), it is unlikely that Akt reduction occurs
secondary to perifosine-induced apoptosis (e.g., cleavage
by caspase activation). Nevertheless, ongoing studies are
attempting to reveal how perifosine decreases the levels
of total Akt.

Perifosine activated both caspase-8 and caspase-9 in
human NSCLC cells (Fig. 2B), suggesting that perifosine
can induce apoptosis through the extrinsic and/or intrinsic
apoptotic pathways. In examining several key proteins
involved in the regulation of the extrinsic or intrinsic
apoptotic pathways, we found that perifosine strikingly
induced DR5 expression and decreased the levels of c-FLIP
in all the cells lines tested, whereas having limited or no
modulatory effects on the levels of Bcl-2, Bcl-X;, PUMA,
and survivin (Fig. 4A). Importantly, the low basal levels of
c-FLIP (e.g., FLIP;) and its further down-regulation are
associated with increased sensitivity to undergo perifosine-
induced apoptosis (e.g., H460 cells). We noted that Bax
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levels were lower and Bcl-2 levels were higher in the
sensitive H460 cells than in less sensitive A549 and H157
cells (Fig. 4A). Moreover, we found that Bax levels were
actually decreased in cells treated with perifosine, although
the underlying mechanisms and its effects on perifosine-
induced apoptosis are unclear. In fact, our preliminary data
show that Bax or PUMA deficiency does not alter cell
sensitivity to perifosine-induced apoptosis.” Together, we
suggest that the activation of the extrinsic apoptotic
pathway is important in mediating perifosine-induced
apoptosis. This observation is supported by our findings
that silencing of caspase-8 or DR5, or overexpression of
ectopic c-FLIP protects cells from perifosine-induced
apoptosis (Figs. 2, 4, and 6), whereas down-regulation of
endogenous ¢-FLIP using ¢-FLIP siRNA sensitizes cells to
perifosine-induced apoptosis (Fig. 6). In agreement with
our findings, a recent study has shown that perifosine
induces apoptosis through activation of the Fas-mediated
extrinsic apoptotic pathway in human leukemia cells (29).
To the best of our knowledge, this is the first study showing
that perifosine modulates the expression of DR5 and c-FLIP
in human cancer cells.

Some studies have shown that Akt also inhibits the
extrinsic apoptotic pathway through the up-regulation of
c-FLIP expression (16, 17). In this study, we have shown
that perifosine inhibits Akt and reduces c-FLIP levels, both
of which are involved in perifosine-induced apoptosis.
Indeed, we detected increased levels of ¢-FLIP in cells
infected with Ad-myr-Akt (Fig. 3C), suggesting that Akt
activation indeed increases c-FLIP levels in the tested cells.
Thus, it is possible that Akt exerts its inhibitory effect on
perifosine-induced apoptosis through the up-regulation
of c-FLIP. On other hand, perifosine may down-regulate
c-FLIP levels through inhibition of Akt; this needs to be
investigated in detail in the future.

It is known that TRAIL functions as the DR5 ligand
and rapidly induces apoptosis in a wide variety of
transformed cells but is not cytotoxic in normal cells
in vitro and in vive (10, 16, 17). Therefore, TRAIL is
considered to be a tumor-selective, apoptosis-inducing
cytokine with promising potential for cancer treatment
and is currently being tested in phase I clinical trials. In
our study, we showed that the combination of perifosine
and TRAIL exhibited augmented induction of apoptosis
in human NSCLC cells (Fig. 5), which is likely due to the
ability of perifosine to induce DR5 expression and down-
regulate ¢-FLIP levels. This finding warrants future
in vivo animal studies and clinical evaluation of the
efficacy of perifosine in combination with TRAIL for the
treatment of NSCLC.
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The arachidonic acid-metabolizing enzymes
cyclooxygenase-2 (COX-2) or 5-lipoxygenase (5-LOX)
are overexpressed during lung carcinogenesis and their
end products (e.g.; PGE,, 5-HETE, and LTB,) have been
implicated in tumor development. Recently, COX-2
inhibitars (e.g.; celecoxib) and 5-LOX inhibitors (e.g.;
MK886 and REV5901) used as single agents have
shown promising activities in the treatment and
chemoprevention of cancer. However, little is known
about the effects of combinations of these inhibitors.
We found that simultaneous treatment of premalignant
and malignant human lung cell lines with celecoxib,
MK886, and REV5901 is more poient in growth
suppression and induction of cell death than single or
dual combination of these agents. However, their
sensitivity to the inhibitors was not directly associated
with the expression of COX-2, 5-LOX, or 5-LOX-
activating protein (FLAP), but correlated with the
praduction of corresponding metabolites. Furthermore,
partial protection of cell death was observed when
PGE, and/or 5-HETE was added to cell cultures treated
with celecoxih, MK886, and REV5901 simultaneously.
Qur data indicate that a triple drug combination of
distinct inhibitors of the eicosanoid metabolism at
clinically feasible concentrations were more effective
than each agent alone suggesting further
investigations.

Key words: COX-2, 5-L0X, MK886, REV5901,
celecoxib, human lung cell lines

INTRODUCTION

Lung cancer is the leading cause of cancer-related
death in the United States with a less than 15% five-
year survival rate, which is only a small improvement
over the past several decades'. Therefore, the discovery
of new strategies and potential agents in order to
control the development and progression of human
lung cancer is urgently needed.

It has been known that a higher rate of the
eicosanoid metabolism, involving the breakdown of
arachidonic acid (AA) to multiple endproducts by
cyclooxygenases (COXs) and lipoxygenases (LOXs),
plays a role in most human epithelial cancers
including lung cancer®™, For instance, inducible
COX-2 is a known indicator for pathological
conditions such as inflammation and cancer,
especially those of non-small cell lung cancer
histology, which has also been linked to a poorer
prognosis®™’. Moreover, COX-2 is frequently
upregulated in preneoplastic lesions or atypical
bronchiolar metaplasia compared with normal lung”.
As a result, the excessive production of COX-2-
derived metabolites, mainly prostaglandin E, (PGE,),
stimulates proliferation, reduces apopu‘;sis. and
promotes angiogenesis™'®. Likewise, abnormalities in
the 5-LOX pathway occur frequently during
neoplastic transformation of lung tissue involving
over-expression of 53-LOX and increased levels of its
products, 3-hydroxyeicosatetraenoic acid (5-HETE)
and leukotriene B, (L'T)B,, that have been associated
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with proliferative, anti-apoptotic, and angiogenic
properties™'2, Consequently. inhibition of COX-2 and
5-1.OX activities suppressed growth and induced
apoptosis in a variety of cancer cell lines and
preclinical models'**'. Moreover, celecoxib and
various 5-LOX inhibitors (e.g.; MK886) prevented
lung tumorigenesis in carcinogen-induced mouse
models®'*'" Interestingly, it has been reported that
celecoxib at clinically feasible concentrations not only
inhibits the synthesis of PGE, but is also capable of
modulating various metabolites generated from the
LOX pathway. especially 5-HETE and LTB,
metabolites which derive from the 5-LOX
cascade'®**¥, Because a dynamic transition between
the COX and LOX pathway may play a role in tumor
development and progression, it 1s plausible to target
both enzymatic pathways by using COX in
combination with LOX inhibitors™-+,

The present study examines the effects of the
selective COX-2 inhibitor celecoxib in combination
with the selective 5-LLOX inhibitor REV5901, and the
5-LOX-activating protein (FLAP) inhibitor MK886 on
suppression of cell growth of premalignant and
malignant human lung cell lines.

MATERIAL AND METHODS

Reagents and materials

Dulbecco’s modified eagle’s minimal essential
medium (DMEM), keratinocyte serum-free medium
(SFM). phosphate-buffered saline (PBS), and trypsin
were purchased from Gibco™ Tnvitrogen
Corporation (Carlsbad, CA). Fetal bovine serum
(FBS) was from HyClone Laboratories, Inc. (Logan,
UT). The COX-2-inhibitor celecoxib (4-[5-(4-
methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]
benzenesulfonamide) was obtained from GD Searle
& Co (Chicago, IL), the FLAP-inhibitor MK866 (1-
[(4-chlorophenzyl)methyl]-3-[(1.1-
dimethylethyl)thio]-o,e-dimethyl-5-(1-methylethyl-
I H-indole-2-propanoic acid, sodium salt) was from
Biomol Research Laboratories (Plymouth Meeting,
PA) and the 5-LOX-inhibitor REV3901 (¢-pentyl-3-
(2-quinolinylmethoxy)-benzenemethanol) was
purchased from Cayman Chemicals Co (Ann Arbor,
MI). Bovine serum albumin. dimethyl sulfoxide
(DMSQ), ethylene diamine tetra acetic acid, and
sodium dodecyl sulfate (SDS) were from Sigma
Chemical Co. (St. Louis, MO). All culture plastic
ware was purchased from BD Bioscience Labware
(Bedford, MA). The deuterium-labeled cicosanoids
PGE,, LTB,, and 5-HETE used as internal standard
for ESI-LC/MS/MS analyses were purchased from
Cayman Chemical Co. (Ann Arbor, MI).
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Cell culture

The cell lines used in this study represent an in vitro
model of human lung carcinogenesis including BEAS-
2B, bronchial epithelial cells immortalized using
SV40/adenovirus-12  hybrid T-antigen., and
transformed (1198) or tumorigenic (1170-1) cells
derived from BEAS-2B by exposure to cigarette smoke
condensate (CSC) in vivo after transplantation into
nude mice®. Immortalized 1799 cells were derived
from BEAS-2B by a similar in vivo transplantation
without exposure to CSC?. These cell lines were
obtained from Dr. Klein-Szanto (Fox Chase Cancer
Center, Philadelphia, PA). The non-small cell Jung
cancer cell lines A549 was purchased from the
American Type Cell Culture Collection (ATCC;
Rockville, MD). BEAS-2B and 1799 cells were grown
in keratinocyte-SFM supplemented with EGF (2.5 pg)
and bovine pituitary extract (25 ug) at 37°C in a
humidified atmosphere of 95% air and 5% CO,. The
cell lines 1198 and 1170-1 were maintained in
keratinocyte-SFM containing 3% FBS and bovine
pituitary extract (25 pug). A549 cells were cultured in a
mixture of DMEM/Ham’s FI2 medium (1:1, v/v)
supplemented with 5% FBS.

Cell growth studies, apoptosis

After trypsinization, 6 x 10° cells/well were seeded
into 96-well culture plates, allowed to adhere overnight
prior to treatment with celecoxib, MK886, REV5901,
and their combinations at different concentrations for
72 hrs. Control cultures were grown in medium
containing DMSO (0.02%. v/v). Cell number was
determined by the sulforhodamine B (SRB) assay
using an automated plate reader MR5000 (Dynatech
Laboratories Inc., Chantilly, VA)*. The inhibition of
cell growth was calculated from the equation, %
inhibition = (1-OD#ODe¢) x 100%., whereas ODr and
ODc represent optical densities of treated and control
cultures, respectively. Concentration response curves
were plotted and concentrations of the agents used in
this study resulting in 50% growth inhibition (IC, )
were calculated by interpolation. The extent of
apoptotic and necrotic cells was determined by double
staining with Annexin V-FITC and propidium iodide
using Annexin-V-FLUOS staining kit from Roche
Applied Science (Indianapolis, IN). The cells were
seeded into 100 x 20 mm tissue culture dish and
allowed to adhere overnight before incubation with the
COX and LOX inhibitors. Control cultures were
treated with medium containing solvent vehicle only
(0.02%, viv DMSQO). After 72 hrs, detached and
adherent cells were collected, washed, and stained
according to the manufacturer’s instructions. Data
analysis was performed on a FACSCalibur cytometer
utilizing the CellQuest™ software (Becton Dickinson,
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San Jose, CA). Three independent experiments were
conducted.

Western blot analysis
Samples containing 50 pg of total cellular protein
mixed in sample buffer (0.5 M Tris, pH 6.8; 0.3%

glycerol; 0.03% B-mercaptoethanol: 10% SDS; 0.001%.

bromphenolblue) were electrophoretically separated
through 10% SDS-polyacrylamide slab gels followed by
transfer onto Trans-Blot™ nitrocellulose membranes (Bio-
Rad Laboratories, Hercules, CA). Briefly, cell
monolayers were washed twice with ice-cold PBS and
collected in lysis buffer containing 150 mM NaCl; 0.02%
NaN; 2% Igepal CA-630; 0.5% sodium deoxycholate:
0.2% SDS. and 50 mM Tris-HCI, pH 8.0 supplemented
with protease inhibitors leupeptin (1 pg/ml), aprotinin (1
pg/ml), pepstatin (0.5 pg/ml). and phenylmethylsulfonyl
fluoride (100 pg/ml). Protein concentrations were
measured using Bio-Rad protein assay (Bio-Rad
Laboratories. Hercules, CA). After blocking with 3%
nonfat dry milk solution in 0.1% (w/v) Tween 20 in PBS.
the membranes were probed with anti-human antibodies
at appropriate dilutions against COX-2 (Oxford
Biomedical Research Inc., Oxford, MI), 5-LOX (BD
Transduction Lab, Lexington, KY), and FLAP (Santa
Cruz Biotechnology Inc.. CA). Antibody binding was
detected with horseradish peroxidase-linked second
antibody and enhanced chemiluminescence (Amersham
Biosciences Corp., Piscataway, NJ). Loading and
transferring control was confirmed by probing the
membranes with anti-B-actin antibody (Sigma Chemical
Co, St. Louis, MO).

Measurement of PGE2, 5-HETE, and LTB4
Electrospray ionization liquid chromatography
tandem mass spectrometry (ESI-LC/MS/MS) was
performed to quantify eicosanoid metabolites as
described elsewhere®®, Briefly, an aliquot of 10 ul of
10% BHT and 10 pl of a mixture of internal standards
(PGE_‘-dd. 5-HETE-d,, LTB,) was added to | ml of
culture medium. Eicosanoids were eluted with 1 ml of
methanol and evaporated under a stream of nitrogen.
Samples were reconstituted in 100 gl methanol: 10
mM ammonium acetate buffer (v/v, 70:30, pH 8.5)
prior to analysis. ESI-L.C/MS/MS was performed using
a Quattro Ultima tandem mass spectrometer
(Micromass, Beverly, MA) equipped with an Agilent
HP1100 binary pump HPLC inlet. Metabolites were
separated using a Luna 3 pm phenyl hexyl 2 x 150 mm
analytical column (Phenomenex, Torrance, CA). The
mobile phase consisted of 10 mM ammonium acetate
(pH 8.5) and methanol. The flow rate was 250 pl/min
with a column temperature maintained at 50°C and an
injection volume of 25 pl. Fragmentation of all
compounds was performed using argon as the collision
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gas at a collision cell pressure of 2.1 x 107 Torr. The
results were expressed as nanograms of each
eicosanoid per 10° cells. To normalize data, the cell
number was measured with an electronic particle
counter (Coulter, Hialeah, FL). Results shown
represent mean values of at least two independent
experiments.

Statistics

The results on growth inhibition induced by
combinations of COX-2 and 5-LOX inhibitors
represent mean values + standard deviation (SD) of
three independent experiments each performed in
quadruplicates. Significance of difference between
samples related to control cultures was determined
using Student’s paired /-test with probability (P) values
less than 0.05 regarded as significant.

RESULTS

Production of PGE2, 5-HETE, and LTB4 and
expression of the corresponding AA-metabolizing
enzymes in premalignant and malignant human lung
cell lines

To determine whether the AA metabolism is altered
in cell lines representing an in vitro model of human
lung carcinogenesis, we analyzed their production of
PGE,, 5-HETE. and LTB, using ESI-LC/MS/MS***
The endogenous PGE, levels in BEAS-2B and 1198
cell lines were very low (0.2 and 0.04 ng/10° cells,
respectively), whereas A549 cancer cells produced 2.7
ng PGE /10° cells (Figure 1A). The synthesis of the 5-
LOX metabolites 5-HETE and LTB, was low in
BEAS-2B cells but higher and to a comparable amount
in 1198 and A549 cell lines. We then determined the
expression levels of COX-2, FLAP, and 5-LOX using
immunoblotting. Figure 1B indicates that the enzyme
expression showed a correlation with the production of
the corresponding COX-2 and 5-LOX metabolites. For
example, COX-2 was undetectable in premalignant
bronchial epithelial cell lines, however, was strongly
expressed in A549 cancer cells. FLAP was detected in
all premalignant cell lines with a lower expression in
BEAS-2B and a higher level in A549 cells. 5-LOX was
expressed in 1198 and A549 cells compared to a faint
detection in BEAS-2B, 1799, and 1170-I cell lines.

Effect of celecoxib, MKS886, and REV5901 on growth
arrest of premalignant and malignant human lung
cell lines

Because the production of PGE,, 5-HETE, and

LTB, correlated with the expression levels of the
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corresponding enzymes, we asked whether the cell
lines used in this study exhibit differential sensitivities
to the selective COX-2 inhibitor celecoxib, the
selective 5-L.OX-inhibitor REV3901 and the FLAP-
inhibitor MK886 (chemical structures, Figure 2). We
found a dose-dependent growth inhibition after 72 hrs
of incubation with IC, | values ranging from 15.9 to
30.4 pM for celecoxib, 0.3 to 1.7 uM for MK886, and
6.6 to 14.4 uM for REV5901 (Figure 3). Premalignant
bronchial epithelial cell lines were more sensitive 10
the growth-inhibitory effects of celecoxib, MK886, or
REVS590 than A549 cancer cells as indicative as 1.5 to
2-fold lower IC, values. Furthermore, MK836 that
indirectly inhibits 5-LOX activity by blocking FLLAP.
was approximately 10-fold more potent on a molar
basis compared to the selective enzyme inhibitors
celecoxib or REVS901.

Simultaneous treatment with celecoxib, MK886, and
REV3901 augments growth inhibition compared to
treatment with one or two agents

Based on previous studies. which suggest a fine
balance between the COX and LOX pathway in tumor
cells, we hypothesized that simultaneous inhibition of
the AA metabolism by using COX-2 in combination
with 5-LOX inhibitors is more effective in suppression
of cell growth than cach of the inhibitors alone.
Therefore, we treated 1198 premalignant and A549
malignant lung cell lines with pharmacologically
achievable concentrations of celecoxib (5 uM),
MKS886 (1 pM), and REV5901 (5 uM) used as single
agents and in combinations for 72 hrs before
determination of cell numbers by the SRB method.
Figure 4 shows that simultaneous treatment of the cells
with all three inhibitors was more effective than
incubation of the compounds alone or in dual
combination. For example. incubation of 1198 and
AS549 cells with a combination of celecoxib, MK8&86,
and REV5901 suppressed their growth by 58% and
43%, respectively compared to untreated cultures
(P<0).05). Besides, dual inhibition of COX-2 and 5-
LOX enzymes through celecoxib and REV3901
induced a significant growth arrest by 29% and 37% in
1198 and A549 cell lines. respectively (P<(.03).

Cell death is increased by combinations of COX-2
and 5-LOX inhibitors and is partially prevented by
PGE2 and 5-HETE

To determine whether induction of apoptosis
contributes to the growth-inhibitory activity of COX-2
and 3-1.OX inhibitors, we performed double staining of
the cells with Annexin V-FITC and propidium iodide
followed by flow cytometric analysis. Figure 5
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Figure 1. (A) Production of PGE,, 5-HETE and LTB,,
and (B) expression of 5-LOX, FLAP, and COX-2 in
various cell lines representing an in vitro model of
human lung carcinogenesis. Cells were treated in
standard medium for 72 hrs prior to analysis by ESI-
LC/MS/MS or separation of a total of 50 ug of protein
per sample using 10% SDS-polyacrylamid gel
electrophoresis as described under materials and
methods. For the measurement of eicosanoid
metabolites, culture medium of three representative
cell lines (BEAS-2B, 1198, and A549) was processed.
The immunoblot was probed with antibodies specific
for COX-2, 5-LOX, and FLAP. 3-actin served as
loading control.

indicates that incubation of 1198 premalignant and
A549 malignant cell lines with a triple drug
combination of celecoxib (5 uM), MK886 (1 uM), and
REV3901 (5 and 7.5 pM, respectively) induced 74.4%
and 23.7% cell death. including apoptotic and necrotic
cellular fraction, respectively. Addition of exogenous
PGE, (0.5 ug/ml) and/or 5-HETE (100 nM) to cultures
treated with the triple drug combination partially
reduced the number of dead cells. For example, 1198
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Figure 2. Chemical structure of the selective COX-2 inhibitor celecoxib (4-[5-(4-methylphenyl)-3-(trifluoromethyl)-
1H-pyrazol-1-yllbenzenesulfonamide, the FLAP inhibitor MK886 (1[(4-Chlorophenzyl)methyl]-3-[(1,1-dimethyl)thic]-
o, a-dimethyl)-5-(1-methylethyl)-1H-indole-2-propanoic acid, sodium salt), and the selective 5-LOX inhibitor
REV5901 (o-Pentyl-3-(2-quinolinylmethoxy)-benzenemethanol).

cell death induced by a combination of 5 uM
celecoxib, | uM MK886, and 5 uM REV5901 was
partially protected by 56% in the presence of 100 nM
5-HETE (Figure 5A). Moreover, A549 growth arrest
was protected by 33% (from 23.7% to 7.9%) when
both, PGE, and 5-HETE. were added to a combination
of 5 uM celecoxib, 1 uM MK886, and 7.5 uM
REV5901 (Figure 5B).

Journal of Experimental Therapeutics and Oncology

DISCUSSION

The deregulation of the AA metabolism in epithelial
cancers including lung tumors represents an early sign
of malignant transformation™'?. Hence, its
metabolizing enzymes and end products provide
promising targets for lung cancer chemoprevention
and/or therapy. Indeed, inhibitors of the COX and LOX
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Figure 3. Effects of (A) celecoxib, (B) MKg&86, or (C) REV5901 on growth suppression of various cell lines
representing an in vitro model of human lung carcinogenesis. Cell lines were treated with the inhibitors for 72 hrs
before determination of cell number using the SRB assay as described in materials and methods. Concentrations
required for the determination of IC50 (uM) values (right panels) were obtained by interpolation of concentration
response curves. Results represent mean + SD of three independent experiments with no drug added serving as
control and expressed as 100% cell growth.

pathway have demonstrated anti-tumor and instance only a COX-2 inhibitor (e.g.: celecoxib)

chemopreventive activity in lung cancer cells'*1¢2'=2 showed modest impact*'™*. It has also been suggested
However, preclinical and clinical studies that have  that blocking one metabolic cascade can lead to an
targeted just one metabolic pathway by using for  enhancement of products generated from another
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Figure 4. Effects of celecoxib (5 uM), MK886 (1 uM), REV5901 (5 uM), and their combinations on growth of 1198
premalignant (full bars) and A549 malignant (open bars) lung cell lines. The cells were seeded in 96-well culture plates
and allowed to adhere overnight before treatment with the inhibitors. Changes in cell growth was determined by the SRB
assay after 72 hrs of incubation. Results are expressed as mean + SD (n=3) with no inhibitor added serving as control
and expressed as 100% growth. *P<0.05, vs untreated cells determined using Student’s paired ttest.

cascade by re-directing the breakdown of the substrate
AA. Specifically, others and we have demonstrated that
suppression of PGE, by celecoxib at clinically relevant
concentrations was accompanied by an increase of
multiple 5-1.LOX metabolites. most significantly 5-HETE
or LTB ™% Therefore, it was of considerable interest
to investigate whether a combination of inhibitors of the
COX-2 and 5-LOX pathway can suppress growth of
human lung cell lines more efficiently than inhibition of
either pathway alone.

In this study, we show that a combination of
clinically relevant concentrations of the COX-2
inhibitor celecoxib with the 5-1.OX inhibitors
REV5901, and MK886 was more effective in
suppression of growth and induction of death than each
of the agents alone or in dual combination.
Furthermore, dual inhibition of COX-2 and 5-.LOX
activities by celecoxib and REV5901 produced a
significant greater response than treatment with the
individual inhibitors alone. We observed
approximately 10-fold greater growth-inhibitory
effects on a molar basis with the FLAP inhibitor
MKZ886 than what was achieved with the selective
enzyme inhibitors celecoxib or REV3901. MK886
inhibits the translocation of 5-LLOX by binding to the
active site of FLAP, which is required for the
enzymatic activity of 5-LOX". It has also been
reported to induce apoptosis independently of both 5-

Journal of Experimental Therapeutics and Oncology

LOX and FLAP*. In agreement with previous studies
on various type of cancer cell lines, we obtained no
direct correlation between the expression status of
COX-2, FLAP or 5-LOX and the growth-inhibitory
activity of celecoxib. MK886 or REV5901,
respectively in premalignant and malignant lung cell
lines'™'®*'. However. the expression levels of COX-2,
5-LOX and FLAP in these cells correlated with the
production of their major metabolites PGE | 5-HETE,
and LTB . which increased with the degree of
malignancy implicating a role in lung cancer
development. Numerous studies have demonstrated
that PGE, is markedly suppressed by celecoxib at
concentrations below 5 UM in cell lines expressing the
target enzyme COX-21520:233428 ] jkewise. inhibition of
5-LOX activity by MK886 completely blocked the
production of 5-HETE in human prostate cancer cells
and addition of exogenous 5-HETE protected cells
from undergoing apoptosis'®. On the other hand, COX-
2 or 5-LOX inhibitors induce apoptosis in cell lines,
which lack the target enzymes, suggesting
mechanism(s) unrelated to the suppression of the
enzyme activity'™?". However, our data implicate that
suppression of the 5-LOX activity is important for
induction of cell death in 1198 and A549 cell lines
based on partial protection by exogenous addition of 5-
HETE to a triple drug combination of COX-2 and 5-
LLOX inhibitors compared to cells treated identically
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Figure 5. Induction of cell death by celecoxib (5 uM), MK886 (1 pM), REV5901 (5, and 7.5 uM, respectively) alone
or in combination and the effects of PGE, (0.5 pg/mi), and/or 5-HETE (100 nM} in (A) 1198 and (B) A549 cell lines.
The cells were treated with the inhibitors, and/or PGE,, and 5-HETE for 72 hrs before collection of detached and
adherent cells and studied for cell surface Annexin V binding to phosphatidylserin by flow cytometry. Control
cultures were treated with medium containing solvent vehicle only (0.02% v/v DMSO). Data shown are

representative of three independent experiments.

but without the 5-LOX metabolite. In A549 cells,
which express both enzymes COX-2 and 5-LOX.
exogenous PGE, was also able to rescue some of the
cells from death similarly to the effect of 5-HETE
while the combination of PGE and 5-HETE in
addition to the triple drug treatment was even more
effective in preventing cell death than each of the AA

190  Journal of Experimental Therapeutics and Oncology Vol 6

metabolites alone. These findings indicate that the
COX-2 and 5-LLOX inhibitors induced cell death at
least in part through suppression of the production of
5-HETE. PGE,, or both. Moreover, we found that 1198
prcnmligmmt—cclls were more sensitive than A549
malignant cells suggesting that inhibitors of the AA
metabolism might be more effective in lung cancer

2007



Combination of COX-2 and 5-LOX inhibitors on human lung cell lines

prevention than in therapy. In fact, Rioux et al. have
reported that a combination of the 5-1LOX inhibitor A-
79175 with the COX inhibitor acetylsalicylic acid
reduced tumor multiplicity by 87%, which was the
most effective preventive intervention compared to the
inhibition of either pathway alone using a mice model
of lung carcinogenesis'®.

In conclusion, combinations of low doses of
biochemical inhibitors targeting related AA-
metabolizing pathways support a rational approach in
lung cancer prevention and therapy that warrant further
investigations.
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Abstract

DNA methyltransferase 3B (DNMT3B) is critical in de novo
DNA methylation during development and tumorigenesis. We
recently reported the identification of a DNMT3B subfamily,
ADNMT3B, which contains at least seven variants, resulting
from alternative pre-mRNA splicing. ADNMT3Bs are the
predominant expression forms of DNMT3B in human lung
cancer. A strong correlation was observed between the
promoter methylation of RASSFIA gene but not pl6 gene
(both frequently inactivated by promoter methylation in lung
cancer) and expression of ADNMT3B4 in primary lung cancer,
suggesting a role of ADNMT3B in regulating promoter-
specific methylation of common tumor suppressor genes in
tumorigenesis. In this report, we provide first experimental
evidence showing a direct involvement of ADNMT3B4 in
regulating RASSFIA promoter methylation in human lung
cancer cells. Knockdown of ADNMT3B4 expression by small
interfering RNA resulted in a rapid demethylation of RASSFIA
promoter and reexpression of RASSFIA mRNA but had no
effect on pl6 promoter in the lung cancer cells. Conversely,
normal bronchial epithelial cells with stably transfected
ADNMT3B4 gained an increased DNA methylation in RASSFIA
promoter but not pI6 promoter. We conclude that promoter
DNA methylation can be differentially regulated and
ADNMT3Bs are involved in regulation of such promoter-
specific de nove DNA methylation. [Cancer Res 2007:67(22):
10647-52]

Introduction

DNA methylation plays an essential role in the normal
development of the mammalian embryo by regulating gene
transcription through genomic imprinting, X chromosome inacti-
vation, and genomic stability (1). It is believed that DNA
methylation patterns in somatic cells are established during
gametogenesis and early embryonic development via conseculive
waves of demethylation and de novo methylation (2). The DNA
methyltransferase 3 (DNMT3) gene consists of DNMT3A and
DNMT3B and is the major de novo DNA methyltransferase that
preferentially methylates cytosine in CpG sites (3). Methylation in
CpG-rich promoter regions may result in transcriptional silencing

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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of the corresponding genes, which is a major mechanism by which
tumor suppressor genes are inactivated in tumorigenesis (4).

DNMT3B contains 24 exons spanning ~ 47 kb of genomic DNA.
Two alternative 5 exons are used, but the same full-length
DNMT3B protein (DNMT3B1 and DNMT3B2) is expected from
both transcripts (5). Four additional transcriptional variants
(DNMT3B3, DNMT3B4, DNMT3B5, and DNMT3B6) resulting from
alternative pre-mRNA splicing have also been reported (5-7). Some
of the variants may compete with each other, thereby resulting in
even DNA hypomethylation (7). This possibility suggests a complex
biological role of the DNMT3B variants. Increased expression of
DNMT3B has been frequently observed in human cancer cell lines
and primary tumors (3). However, an association between the
expression level of DNMT3B and the promoter methylation status
of tumor suppressor genes has not been established (8, 9). These
data suggest that the regulation of DNA methylation of these
promoters is complex.

ADNMT3B, a subfamily of DNMT3B, consists of at least seven
transcriptional variants by alternative pre-mRNA splicing (10). In
non-small cell lung cancer (NSCLC), ADNMT3B variants are the
predominant forms of DNMT3B expression (10). We previously
observed a strong and independent correlation between
ADNMT3B4 expression and DNA methylation of the RASSFIA
promoter but not the pI6 promoter (11). This finding suggested
that 4DNMT3B variants are involved in the regulation of promoter
methylation, possibly in a promoter-specific manner.

Materials and Methods

Cell lines. Human NSCLC lines H1299 and H358 were purchased from the
American Type Culture Collection. The HBEI cell line was a gift from Dr. John
Minna (The University of Texas Southwest Medical Center, Dallas, TX).

RNA extraction and reverse transcription-PCR. We isolated total RNA
from cells by using Tri-Reagent (Molecular Research Center) according to
the manufacturer’s instruction. The primers used for reverse Lranscription-
PCR (RT-PCR) were described previously (10).

Methylation-specific PCR. One microgram of genomic DNA was used
for bisulfite treatment to modify unmethylated cytosine residues, and the
modified DNA was used for methylation-specific PCR (MSP) using
methylation-specific and unmethylation-specific primers as described
previously (10, 11). Unmodified DNA was used to test all the primer sets
and we failed to observe any amplified DNA fragment in our experimental
conditions.

Small interfering RNA and antisense RNA transfection. Small
interfering RNA (siRNA) specifically targeted to the junction of exons
5 and 7 of ADNMT3B was designed and synthesized chemically (Ambion).
Both annealed siRNA and corresponding oligonucleotides of single strands
were used. The sequences were 5-CACGCAACCAGAGAACAAGUU-3'
(sense) and 5-CUUGUUCUCUGGUUGCGUGUU-3" (antisense) for the target
sequence 5-AACACGCAACCAGAGAACAAG-3'. siRNA specifically targeting
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or scramble siRNA
was also obtained from Ambion to serve as controls.

www.aacrjournals.org
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Bisulfite sequencing of the RASSFIA promoter. MSP products were
derived from H1299 cells treated with 40 nmol/L siRNA targeting
ADNMT3B4/2 or GAPDH for 24 h and were recovered by gel purification.
The DNA fragments were cloned into a TA cloning vector (Invitrogen)
according to the manufacturer’s protocol. Plasmid DNA from each clone
was then extracted, and inserts in individual clones were sequenced (13 or
T7 primer) using an ABI PRISM 377 DNA sequencer (Perkin-Elmer).

Western blot analysis. Cell lysates were obtained and equal amounts
of protein from each sample were diluted with loading buffer, boiled, and
loaded onto 7.5% SDS-polyacrylamide gel to be separated by electropho-

resis followed by protein transfer to polyvinylidene fluoride membranes
(Amersham). Proteins were detected by incubation with corresponding
antibodies specific to either DNMT1 or V5 tag (Sigma) followed by
blotting with horseradish peroxidase-conjugated secondary antibody
(Sigma). The blots were then exposed to chemiluminescent substrate
(Amersham) for detection.

Cell growth and cell cycle analyses. The ACEA RT-CES microelectronic
cell sensor system (ACEA Biosciences) was used to confirm the number of
living cells. The electronic sensors provided a continuous and quantitative
measurement of the cell index (which depends on the number of attached

A g £S B
E £ E
- ; g PR
S a = g & =
o = % a o2 2 g E g
" £ E 3 28 2 d 2 =2
& E <« & M mm™m Z e = 8% ¥
2 i 89 ¥ 999 4 T EEEEE
= .E§{<<<<E , EREzZZE
< E g Z Z Z2 7 Z o E € Em ™ =™ B
z 2 2 2 g = 3 2L §4q9949F"
=1 = 9% % % %% « BB dcwdat
— = ‘
s TRINCR TR OR TN OWTR %gg%%%%%%
_ 12h — ADNM13BI (24 h)
RO . P - 12h
) h
;T aowvsa?
g 72h Th
=2 1z 3 4 5 6 _ 7 _ B
-+ THNUWURTURNO B ONO WO W
12h
24h
pio: 48h
(il i g I
h
borEe o o
C S D
= R% s A r w'-\ﬂ. ﬁ‘ f fan fl il f N Al
e = AR AN A A - f A #
ZEoagoE \ | VA AT RN \ i \
5 TREELE AR _.",LMI A AT A ARAATAATA AR Ly
=] £ 3 qHa = fue® T " = Jain? Tuet e " lane " ST S S S
E 535*552‘5 ‘ q Al oaar Ao Vg Al i f ﬂ\f“-
= ;_%‘: é; é %%2 ‘1 'J'.‘u'. /\ J‘\ _f'\ ,l\\‘. | f ’: #UU J! r lr
5 4.~ “< 12h PATATATA!AVAVATRRATRRTATA WTATA AT A1 RIS 9 W MTA/A A -
Py Iy Py X
234 bp 00— Fe) OO0 *o—oo Py oo o
24h O, T TS S DU T, T, W , S PRSPPI —
—00—00— 00— 0-0—0-—0— OB
—00—00—00—00—00— 00— 00— 00—
. o R
—00—O—O— 00— 00— O =S PSS-S -
i 48h B | R —o0—0—00— 909080
—0-0— 03— O—O—O— —oo—— 90— oo oo
—mhp —0-0—00—00——0—0—0—0— A S —
B . S SHMIED S e, S8, SN —95o 00—
2h —0-0—00—00—0-—0—0—0— — oo 09 & & —
—0-0—00—0——O0—0—0—0— —o0 0 o+ o
- G EE
—0-0—00—— 03— O O— O — 88— 8 09 &8

Figure 1. Down-regulation of 4DNMT3B4/2 expression and demethylation of RASSF1A promoter. A, promoter methylation status of p76 and RASSF1A at
different time points following treatment as measured by MSP. —, negative control; +, positive control, U, unmethylated DNA; M, methylated DNA, B, expression of
ADNMT3Bs in H1299 cells treated with siRNAs at various time points using RT-PCR. C, expression of RASSF1A mRNA (234 bp) of the corresponding samples
measured by RT-PCR. D, methylation status in the RASS1A promoter according to bisulfate sequencing analysis. Arrowheads, cytosines not converted to thymidines
in the CpG sites (bottom panel of the sequences) because of the resistance of the methylated cytosines to bisulfate treatment. Line in the figure below the
sequences represents a clone. Open dot, a CpG site not methylated; solid dot, a methylated CpG site. The left set of lines represents clones from cells treated
with control, and the right set of lines represents clones from cells treated with siRNA targeting 4DNMT3B4/2.

Cancer Res 2007; 67: (22). November 15, 2007

10648

www.aacrjournals.org



ADNMT3B in Promoter Methylation

cells and the shape of the cells) in each well. The cell cycle distribution of
the cells was determined using a BD FACSCalibur flow cytometer and
CellQuest software (Becton Dickinson).

Stable transfection. pcDNA6/V5-His (Invitrogen) was used to construct
plasmids containing full-length ADNMT3B2 or ADNMT3B4. Empty vector
or plasmids containing ADNMT3B2 or ADNMT3B4 were used to transfect
HBEI cells and establish clones with stable expression of the corresponding
proteins. Several clones were selected from each transfectant, and passages
5 and 10 were subsequently used for promoter methylation analysis.

Bisulfite pyrosequencing. Pyrosequencing was used to quantitatively
measure the levels of cytosine methylation of CpG sites of promoters as
described previously (12). The primers used in this study are listed in
Supplementary Table S1 and their locations in the CpG islands are
presented in Supplementary Fig. $1. Assays were repeated thrice and the
means of all experimental results were used with SEs. The quantification of
cytosine methylation was performed using Pyro Q-CpG software (Biotage).

Results and Discussion

To test the role of ADNMT3B4 in the promoter-specific
methylation of RASSFIA, we designed a siRNA that specifically
targeted the junction of exons 5 and 7 of ADNMT3B. Because both
ADNMT3B4 and ADNMT3B2 lack exon 6, this siRNA is expected to
trigger the degradation of both these transcripts. We used NSCLC
cell line H1299 because it carries promoter methylation of both pi6
and RASSFIA and expresses a high level of ADNMT3B4 but no
detectable DNMT3B (10).

We found that down-regulation of ADNMT3B4/2 resulted in
RASSF1A promoter demethylation in H1299 cells (Fig. 1), In the
cells treated with 20 nmol/L or a higher concentration of the siRNA
targeting ADNMT3B4/2, a near complete RASSFIA promoter
demethylation was observed as early as 12 h after treatment
(Fig. 14). This effect was maintained up to 72 h after treatment.
The results are consistent with the dose-dependent reduction of
ADNMT3B4 expression by the siRNA or antisense treatment
(Fig. 1B). In contrast, the promoter methylation status of pl6
was not affected (Fig. 14). These resulls provide the first direct
evidence of a causal relationship between ADNMT3B4 and the
promoter methylation of RASSFIA in lung cancer cells.

Consistent with the RASSFIA promoter demethylation, RASSFIA
mRNA expression was restored in the cells also in a dose-
dependent manner (Fig. 1C). Because MSP is a qualitative assay
and cannot reveal the methylation status of each CpG site, we
performed bisulfite sequencing of the MSP products from cells with
or without ADNMT3B4/2 knockdown. The MSP fragment is a part
of the RASSFIA promoter and contains 10 CpG sites, excluding the
primer sequences. None of the cytosine residues at the 10 CpG sites
of the RASSFIA promoter fragment were converted to thymidine by
bisulfite treatment (an indication of a methylated status) in the
14 individual clones derived from cells without ADNMT3B4/2
knockdown, whereas the cytosine residues at all the 10 CpG sites
were converted to thymidine (an indication of an unmethylated
status) in all 14 clones derived from cells with ADNMT3B4/2
knockdown (Fig. 1D).

In a separate experiment, we used pyrosequencing method to
analyze DNA from 1299 cells treated with either 20 nmol/L
scramble siRNA control or 20 nmol/L siRNA targeting A DNMT3B4/2
24 h after treatment. The primers used in this experiment were
designed to avoid amplification bias (Supplementary Table §1). We
observed that that promoter methylation of RASSFIA was
decreased from 94% in the control-treated to 33% in the siRNA-
treated DNA, whereas no difference was observed in the pl6
promoter between control-treated and the siRNA-treated DNA

>

siRNA- A 3B4/2 20 nmol/L
SIRNA- A 3B4/2 40 nmol/L

Lipofectamine
siRNA-scramble

'1 DNA ladder
Medium

ADNMT3BS

ADNMT3B6

B

| HBE1+A 384

‘ HBE]
| DNA ladder

ADNMT3BS

Figure 2. Expression of ADNMT385 and 4DNMT3BE6 following change of
ADNMT3B4/2 expression levels. A, expression of ADNMT3B5 and ADNMT3B6
in H1299 cells treated with sIRNAs measured by RT-PCR. B, expression of
ADNMT3B5 and ADNMT3B6 in HBE1 cells transfected with ADNMT3B2 or
ADNMT3B4.

(Supplementary Fig. 52). These results indicate that knockdown of
ADNMT3B4/2 can reverse the methylated CpG sites in the
RASSFIA promoter region. Our finding is unlikely due to the
inhibition of DNMT1 because the protein expression level was not
reduced in the H1299 cells treated with the siRNA (data not
shown). To determine whether the RASSFIA promoter demethy-
lation due to knockdown of ADNMT3B4/2 is limited to H1299 cells,
we performed the same experiments with NSCLC cell line I1358.
Similar to our results with the 111299 cells, the RASSFIA promoter
became unmethylated after the siRNA treatment but no effect was
observed on the methylated p16 promoter (data not shown).

To address the issue whether some of the observed results are
due to a shift in balance between ADNMT3B4 and other ADNM73B
isoforms, we also analyzed mRNA expression of ADNMT3B5 and
ADNMT3B6 that are expressed in the 111299 cells beside
ADNMT3B1 that did not show change in expression levels after
siRNA treatment (Fig. 14). Interestingly, the expression of
ADNMT3B5 and ADNMT3B6 was reduced in the siRNA-treated
samples compared with the controls (Fig. 24). To ensure that the
result was not due to nonspecific knockdown by the siRNA, we
analyzed the expression of ADNMT3B5 (ADNMT3B6 was not
expressed in the cell line) in HBEL cells transfected with either
ADNMT3B2 or ADNMT3B4. The expression of ADNMT3B5 was
increased in the cells transfected with either ADNMT3B2 or
ADNMT3B4 compared with controls (Fig. 2B). The result indicates
that the expression of either ADNMT3B2 or ADNMT3B4 may affect
expression levels of ADNMT3B5 and ADNMT3B6.

We used RT-CES System to determine the dynamic change in cell
growth affected by the ADNMT3B4/2 knockout (measured every
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Figure 3. Biological effects of ADNMT3B4/2 down-regulation. A, growth of H1299 cells transfected with siRNAs as measured using a microelectronic cell sensor
system every 30 min. The representation of individual color lines is indicated and described in the figure. B, cell cycle distributions of H1299 cells 24 h after treatment
with siRNAs as measured with a flow cytometer (a, cells treated with culture medium; b, Lipofectamine only; ¢, siRNA targeting GAPDH; d, scramble siRNA; e~g, 10,
20, and 40 siRNA, respectively; h, 40 nmol/L antisense RNA targeting 4DNMT3B4/2). Percentages of sub-G, cells were labeled inside each panel.
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Figure 4. Overexpression of ADNMT3B4
resulted in RASSF1A promoter
. hypermethylation. A, expression of
recombinant ADNMT3B4 and ADNMT3B2 PR | PR
in HBE1 clones recognized on Western Cell Line Plasmid Passage |MGMT | GSTP1| p16 |RASSF1A|(CDH13| A B Line
blots using antibody against V5 tag.
HBE1-vec, vector only-transfected HBE1 HBE1-vec vector only 5 4 1 4 15 2 8 30 74
cells. B, CpG methylation in promoter
regions of six genes and in line sequences. HBE1-vec vector only 10 3 1 4 15 2 9 29 73
Clones d3B4.C1, d3B4.C2, d3B4.C3, and
d3B4.C4 expressed ADNMT3B4, and HBE1-d3B4.C1 | ADNMT3B4 10 3 1 8 50 2 8 33 64
clones d3B2.C1, d3B2.C2, and d3B2.C3
expressed ADNMT3B2. The values for the HBE1-d3B4.C2 | 4DNMT3B4 5 4 1 3 45 1 9 33 70
genes represent the approximate
percentages of the CpG sites that were HBE1-d3B4.C3 | ADNMT3B4 5 4 1 3 46 2 8 31 74
methylated as measured by
pyrosequencing analysis. HBE1-d3B4.C4 | 4DNMT3B4 5 3 1 3 43 2 8 35 64
HBE1-d3B2.C1 | 4DNMT3B2 10 5 1 4 16 3 8 33 76
HBE1-d3B2.C2 | ADNMT3B2 5 5 1 2 19 3 8 34 76
HBE1-d3B2.C3 | ADNMT3B2 5 4 1 3 19 2 8 34 74
Normal DNA NA 2 1 7 9 6 12 10 84
methylated DNA NA 93 96 94 89 91 91 89 78

30 min). In the H1299 cells, growth was inhibited al ~ 10 h after
treatment with the siRNA-ADNMT3B4/2 in a dose-dependent
manner or with the antisense RNA (Fig. 34), Because the RT-CES
System works by measuring the electronic impedance of sensor
electrodes integrated on the bottom of microtiter E-plates, factors
besides cell numbers, such as morphology and tightness of the
cells attached to the culture surface, can affect the reading. The
major drop observed 36 h after treatment with the siRNA might
reflect to a reduced ability of the cells detaching to the plastic
surface. To determine the mechanism by which the growth of the
ADNMT3B4/2 knockout is inhibited, we used flow cytometry to
examine the cell cycle distribution of the 111299 cells 24 h after
treatment. We observed an increase in the sub-G, fraction of cells
treated with the siRNA-ADNMT3B4/2 in a dose-dependent manner
or with the antisense RNA (Fig. 3B). These results suggest that
treatment with siRNA-ADNMT3B4/2 increased apoptosis.

To provide direct evidence to support the possibility that
ADNMT3B4 but not ADNMT3B2 contributed to the differential
regulation of RASSFIA promoter methylation, we constructed
mammalian expression plasmids containing ADNMT3B2 or
ADNMT3B4 and used HBE] cells (immortalized, normal-appearing
bronchial epithelial cells from a patient with NSCLC; ref. 13). Stable
clones expressing ADNM73B2 or ADNMT3B4 were established
(Fig. 44). At passages 5 and 10, we used the quantitative pyro-
sequencing method to analyze the promoter methylation status
of the genes MGMT, GSTPI, pl6, RASSFIA, CDHI3, and PR (two
regions) in the HBEL cells transfected with empty vector only,
ADNMT3B2, or ADNMT3B4. Consistent with our hypothesis that
ADNMT3B4 but not ADNMT3B2 contributed to the differential

regulation of RASSFIA promoter methylation, cells transfected with
ADNMT3B4, but not cells transfected with the empty vector or
ADNMT3B2, showed substantially increased DNA methylation in
the RASSFIA promoter compared with vector control (P < 0.001,
Kruskal-Wallis test; Fig. 4B). No change in methylation status was
observed in any of the other promoters for any of the transfectants
(Fig. 4B).

Our findings suggest a mechanism for the development of
“tissue-specific DNA methylation.” This term refers to different
promoters being methylated in different cell types or organs during
development and tumorigenesis (14). In somatic cells, most of the
CpG sites in genomic DNA are methylated except in CpG-enriched
promoter regions (CpG islands) of the transcriptionally active
genes. The maintenance of established DNA methylation patterns
is largely performed by DNMT1, which is constitutively expressed
in somatic tissues. The expression of DNMT3B is low or absent in
somatic tissues but significantly increased in transformed cancer
cells and is thought to be critical to de novo promoter methylation
(15). During tumorigenesis, de novo DNA methylation occurs in the
promoters of selected genes and contributes to their functional
inactivation by suppressing the expression of those genes. Global
analysis of promoter methylation has revealed several abnormally
methylated promoters found in tumors but not in normal tissue
counterparts (16). However, each tumor exhibits a unique pattern
of methylated promoters, although some promoters are commonly
methylated in certain tumor types. These observations indicate the
presence of cellular mechanisms, which result in differential
promoter methylation that is maintainable during tumor develop-
ment and progression.
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In a previous study, we found a statistically significant correlation
between RASSFIA promoter methylation and ADNMT3B4 expres-
sion in a large number of primary NSCLC tumors (11). That result
provided in vivo evidence of a role for ADNMT3B4 in regulating the
methylation of CpG islands in a promoter-specific manner. The
results presented in the current report provide enough direct
evidence to establish the causal relationship between 4DNMT3B4
and RASSFIA promoter methylation but not between several other
commonly methylated promoters we examined. In the siRNA-based
experiment, the down-regulation of ADNMT3B4 resulted in
demethylation of the RASSF1A promoter but not the pI6 promoter
in two NSCLC cell lines. Because the siRNA used also knocked down
ADNMT3B2 (because of the shared exon-exon junction between
ADNMT3B2 and ADNMT3B4), a role for ADNMT3B2 in that process
cannot be excluded. The experiments using HBE1 cells that express
specific ADNMT3B variants (ADNMT3B2 or ADNMT3B4) provided
conclusive evidence that ADNMT3B4 but not ADNMT3B2 contrib-
utes to RASSFiA-specific promoter methylation. Although expres-
sion levels of ADNM73B4 may affect expression levels of
ADNMT3B5 and ADNMT3BG, the expression of the later isoforms
is unlikely contributed to RASSFIA promoter methylation because
overexpressing ADNMT3B2 also caused an increased expression of
ADNMT3B5 (Fig. 38) but did not affect the methylation status of
RASSF1A promoter (Fig, 4B).

Although our study results firmly establish the importance of
ADNMT3Bs in promoter-specific methylation, the detailed mech-
anisms are unknown. DNMTI is the predominant cellular DNA
methyltransferase, but it requires the participation of DNMT3B to
achieve promoter methylation (17, 18). Because DNMT3Bs contain
a PWWP domain, which has direct DNA-binding capability (19),
the fact that there are ADNMT3Bs with structural differences at
and around the PWWP domain suggests that the ADNMT3B
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ATM sequence variants associate with susceptibility to non-small cell lung cancer
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ATM gene mutations have been implicated in many human can-
cers. However, the role of ATM polymorphisms in lung carcino-
genesis is largely unexplored. We conducted a case-control analy-
sis of 556 Caucasian non-small-cell lung cancer (NSCLC) patients
and 556 controls frequency-matched on age, gender and smoking
status. We genotyped 11 single nucleotide polymorphisms of the
ATM gene and found that compared with the wild-type allele-con-
taining genotypes, the homozygous variant genotypes of ATM08
(rs227060) and ATM10 (rs170548) were associated with elevated
NSCLC risk with ORs of 1.55 (95% CI: 1.02-2.35) and 1.51 (0.99-
2.31), respectively. ATM haplotypes and diplotypes were inferred
using the Expectation-Maximization algorithm. Haplotype H5 was
significantly associated with reduced NSCLC risk in former smok-
ers with an OR of 0.47 (0.25-0.96) compared with the common H1
haplotype. Compared with the H1-H2 diplotype, H2-H2 and H3-
H4 diplotypes were associated with increased NSCLC risk with
ORs of 1.58 (0.99--2.54) and 2.29 (1.05-5.00), respectively. We then
evaluated genotype—phenotype correlation in the control group
using the comet assay to determine DNA damage and DNA repair
capacity. Compared with individuals with at least 1 wild-type al-
lele, the homozygous variant carriers of either ATM08 or ATM10
exhibited significantly increased DNA damage as evidenced by a
higher mean value of the radiation-induced olive tail moment
(ATM08: 4.86 = 2.43 vs. 3.79 = 1.51, p = 0.04; ATM10: 514 =
2.37 v5. 3.79 % 1.54, p = 0.01). Our study presents the first epide-
miologic evidence that ATM genetic variants may affect NSCLC
predisposition, and that the risk-conferring variants might act
through down-regulating the functions of ATM in DNA repair ac-
tivity upon genetic insults such as ionizing radiation.

© 2007 Wiley-Liss, Inc.
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Lung cancer accounts for 20% of cancer incidence in the United
States and 25% of cancer-related deaths. Approximately 80% of
lung cancer cases are non-small cell lung cancer (NSCLC). Defi-
ciencies in DNA repair capacily (DRC), apoptosis control and cell
cycle checkpoints have been i Plltdltd in the pathogenesis of
lung cancer including NSCLC.'™ Therefore, the essential role of
the ATM protein in double strand break (DSB) DNA damage
response and the importance of the DNA repair system in tobacco-
related carcinogenesis highlight the potential significance of ATM
sequence variations on NSCLC risk.

ATM is a tumor suppressor gene frequently mutated in patients
with Ataxia Telangiectasia (AT), a rare form of an autosomal
recessive malignancy-prone disorder prominently characterized
by extremely hl“’h sensitivity to ionizing radiation or other DSB-
inducing agents.* ATM encodes a 370-kDa phosphoinositide
3-kinase (PI3K) protein that belongs to the PI3K-like Serine/
Threonine protein kinase (PIKK) family, This fdmily functions
in DNA damage responses by phosphoryla[mg proteins in vari-
ous damage-related pathways.” ATM exists in an inactive multi-
mer form in the cell nucleus, which dissociates into monomers
upon exposure to DSB-inducing genetic insults.® The interaction
between the MRN (MRE11, RADS50, NBS1) complex and ATM
in the presence of damaged DNA yields a more than 80-fold
increase in ATM kinase activity, which is capable of relating the
signals to a plethora of downstream effectors through phospho—
rylation of specific serine or threonine amino acid residues.” The
converging effects of these protein effectors control the outcome
of the damaged cells through the regulation of cell cycle arrest,
DNA repair and apoptosis.
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Aberrations of ATM ri)rotem have been implicated in the etiol-
ogy of many cancers,*™* including lung cancer. Through phos-
phorylating p53 and MDM2 proteins, ATM disrupts the p53-
MDM? interaction and thus, increases the nuclear accumulation of
p53.5 Consistent with this notion, Bartkova et al. found that ATM,
CHK2, p53 and H2AX were highly expressed and phosphorylated
in early precursor lesions of various cancers, suggesting that the
ATM-CHK2-p53 axis plays an essential role in the DNA damage-
response in the early deva]opmem stage of these malignancies,
including lung cancer.'* Moreover, Eymm ez al reported that the
ATM/CHK?2 pathway also mediates the pl14*®F-induced G2 cell
cycle chcckpomt arrest in response to DNA ddl’l’ldf:,lﬂg agents. This
pathway is independent of p53 activation and its defects contribute
to lung carcinogenesis.'* Taken toguhur, these observations high-
light the pivotal role of ATM in the prevention of lung cancer
development through the modulation of multiple pathways. How-
ever, most previous studies focused on the carcinogenic effect of
ATM rare mutations rather than common variants. In a few studies
in which ATM polymorphisms were investigated, controversial
results have been reported in terms of the involvement of ATM
polymorphisms in the etlology of malignancies such as breast and
colorectal cancers.2° There have not been any studies of ATM
polymorphisms and lung cancer risk in Caucasians. In addition,
although ATM haplotypes have also been associated with altered
cancer risk, most published studies focused on only breast cancer
and the haplotypes in these studies were composed of only poten-
tial functional SNPs but were not based on haplotype tagging
SNPs (hlSNP) 321-23 gince Bonnen ef al. reported extensive link-
age disequilibrium (LD) across the complete ATM locus which
suggested that few htSNPs were required to construct comp]ctc
high-power haplotypes to capture common ATM po]ymorphlsms,
a comprehensive approach combining the power of htSNPs and
functional SNPs may provide more clues to the assessment of ATM
sequence variants on cancer risk.

To test the hypothesis that common ATM scquence variants
may modulate NSCLC risk, we assessed the associations of 11
potential ATM htSNPs and functional SNPs with NSCLC risk in
Caucasians. In addition, we performed a functional assay to evalu-
ate the physiological significance of the observed associations
through genotype—phenotype correlation analyses. To the best of
our knowledge, this is the first epidemiological study examining
the role of ATM polymorphisms in NSCLC risk in Caucasians.

Material and methods
Study population

Lung cancer cases were recruited from The University of Texas
MD. Anderson Cancer Center. Cases were newly diagnosed and
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histologically confirmed lung cancer patients who had received no
previous chemotherapy or radiotherapy. There were no recruit-
ment restrictions on age, gender, ethnicity or cancer-stage. The
controls were recruited from the Kelsey-Seybold Clinic, Hous-
ton’s largest private multispecialty physician group which
includes a network of 23 clinics and more than 300 physicians,
Potential controls were identified from healthy individuals without
a previous diagnosis of cancer except for nonmelanoma skin can-
cer. We excluded subjects who had recent blood transfusions to
control for confounding cffects for several functional assays.
Potential controls were first surveyed by a short questionnaire for
willingness to take part in case-control studics and to provide de-
mographic and smoking status data for matching. Controls were
frequency-matched to cases in terms of age (=5 years), gender,
ethnicity and smoking status. Dctmmon criteria of smoking status
were as prevmusly described.” For both cases and controls, after
obtaining written informed consent, trained M.D. Anderson staff
interviewers administered risk factor questionnaires to study par-
ticipants. The interview took ~45 min to complete. Data were col-
lected on demographic characteristics (age, gender, cthnicity,
etc.), work history, tobacco use history and family history of can-
cer. This case-control study started in 1995 and is currently
ongoing, The response rate of participation is ~77.4% for cases
and 73.3% for controls. Participants who had blood transfusions
within recent 6 months were excluded. At the completion of the
interview, 40 ml of blood were drawn from each person and sent
to the laboratory for DNA isolation and molecular analysis. Labo-
ratory personnel were blinded to case and control status. Human
subject approval was obtained from the institutional review boards
of both M.D. Anderson and Kelsey—Seybold. In the current analy-
sis, a total of 556 Caucasian NSCSL patients and 556 cancer-free
controls (frequency-matched by age, gender and smoking status)
were included.

Selection of ATM sequence variants

Eleven potential haplotype-tagging and functional SNPs of the
ATM gene ranging from 10-kb upstream of the translation initiation
site to 5-kb downstream of the translation stop site were chosen based
on the data currently available from public SNP databases, including
NCBI dbSNP  (http://www.ncbi.nlm.nih.gov/projects/SNP), Inter-
national HapMap Project (http://www.hapmap.org) and Cancer Ge-
nome Anatomy Project SNP500Cancer (http://snp5S00cancer.nci.nih.
gov). To choose potential htSNP sets, we used the SNPbrowser 3.5
software (Applied Biosystems, Foster, CA) implementing the pair-
wise 17 algorithms. The remaining SNPs with higher than 5% minor
allele frequency (MAF) were sclected empirically after exhaustively
searching the relevant literature to locate potential functional ATM
SNPs that had been implicated in other cancer association studics.

Probe and primer designs and genotyping

Genotyping was performed using a 5’ nuclease assay-based
TagMan assay. Probes and primers for the genotyping were either
acquired from the SNP500Cancer database or designed using the
PrimerExpress 2.0 software (Applied Biosystems, Foster, CA).
The probes were labeled fluorescently with either 6-FAM or VIC
on the 5" end and a nonfluorescent minor groove binder (MGB)
quencher on the 3’ end. The rvenotypmg procedure was exactly as
described in a previous study.”® Genomic DNA was extracted
from peripheral blood lymphocytes using the Human Whole
Blood Genomic DNA Extraction Kit (Qiagen, Valencia, CA). The
PCR amplification mix (5 pl) included sample DNA (5 ng), 1 X
TagMan buffer A, 200 uM deoxynucleotide triphosphates, 5 mM
MgCl,, 0.65 U of AmpliTaq Gold, 900 nM each primer and 200
nM each probe. The PCR condition includes 1 cycle for 10 min at
95°C, 40 cycles for 15 sec at 95°C and 1 min at 60°C. PCR was
performed using ABI PRISM™ 7900HT sequence detection sys-
tem (Applied Biosystems) and SDS 2.1 software (Applied Biosys-
tems) was used to analyze the end-point genotyping data. Internal
quality controls and negative controls were used to ensure geno-
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typing accuracy and 5% of all samples were randomly selected
and genotyped in duplicates with 100% concordance.

Comet assay

Bascline and -y-radiation-induced comet assays were performed
in the control group as described previously.?® The comet assays
in this study were performed following exactly the same experi-
mental procedures and using the same software. All reagents were
purchased from the same vendor and freshly made. Briefly, fully
frosted, agarose-coated slides were covered with a glass coverslip
and left at room temperature for 30 min. Blood cultures were ei-
ther untreated or irradiated with 1.5 Gy using a “'Cs source at
room temperature. This dose was reported in our previous studies
to be the optimal dose, which is sufficient to induce nuclear DNA
damage but is not cyt()[oxic.26 The untreated or -y-irradiated blood
culture was mixed with low melting point (LMP) agarose (Invi-
trogen, Carlsbad, CA) in PBS. About 50-pl mixture was immedi-
ately spread onto each end of the slide, covered with a fresh cover-
slip, and left at 4°C for 10 min. The slides were submersed in
freshly prepared lysis buffer for 1 hr at 4°C and placed in a hori-
zontal electrophoresis box without power and filled with freshly
prepared alkali for 30 min at 4°C. After an clectrophoresis at 295-
300 mA for 23 min at 4°C, the slides were neutralized in Tris
buffer, fixed in 100% methanol for 10 min and stored in the dark
at room temperature. Immediately before analysis, slides were
hydrated in fresh Tris—=HCI and then stained with ethidium bro-
mide. Fifty consecutive cells (25 cells from each end of the slide)
were manually selected and quantified with Komet version 4.0.2
(Kinetic Imaging, Bromborough, Wirral, UK) software attached to
a fluorescent microscope (Nikon, Melville, NY), which also deter-
mined the Olive tail moment parameter [(tail mean — head mean)
X (% tail DNA/100)]. The head of the comet represents the cell
nucleus and the tail of the comet represents the damaged DNA
liberated from the nucleus by electrophoresis. The tail mean is the
tail DNA intensity subtracted by background intensity, while the
head mean is the hecad DNA intensity subtracted by background
intensity. The percentage of tail DNA is the fraction of DNA that
has migrated from the head. The difference between the tail mean
and the head mean represents the difference in the distance
between the center of gravity of the DNA distribution in the comet
head and the center of gravity of the DNA distribution in the
comet tail. Since the comet assay was not started from the begin-
ning of the subject recruitment, data was not available for those
study subjects who were enrolled before the commencement of
the comet assay. In the current analysis, there were 116 controls
subjects with baseline comet data. Among them, 112 had vy-radia-
tion-induced comet assay data. There are no significant differences
in major host characteristics between the control subjects with
comet data and those without comet data (data not shown).

Statistical analysis

Statistical analyses were done using either SAS software (SAS
Institute Cary, CA) or Intercooled Sldld 8.0 statistical software
package (Stata, College Station, TX). ° and Fisher’s exact tests
were used to assess patient characteristics. The risks were calcu-
lated as odds ratios (OR) and 95 percent confidence intervals
(95% CI) using unconditional multivariate logistic regression
adjusted by age, gender and smoking status (never, former and
current smokers). We analyzed the associations between individ-
ual SNPs and NSCLC risk by combining the genotypes with at
least 1 wild-type allele as the reference group as ATM is a tumor
suppressor gene that might function in a recessive pattern. Haplo-
types and diplotypes were estimated using the Expectation-Maxi-
mization (EM) algorithm implemented by the IelixTree program
(Golden Helix, Bozeman, MT). Haplotypes with a probability less
than 95% yere excluded from the final data to ensure analytical
reliability.'> A two sample ¢ test with equal variance was used to
determine the genotype—phenotype correlation. p < 0.05 was con-
sidered as the threshold of significance. All statistical analyses
were 2-sided.
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TABLE I - DISTRIBUTION OF SELECTED HOST CHARACTERISTICS BY
CASE-CONTROIL. STATUS

Variable Case, N (%) Control, N (%) P value'

Age (Mean = SD?) 60.5 £ 10.6  60.1 £ (10.3) 0.48
Gender

Male 309 (55.6) 309 (55.6)

Female 247 (44.4) 247 (44.4) 1.00
Smoking status

Never 94 (16.9) 106 (19.1)

Former 219 (39.4) 236 (42.4)

Current 243 (43.7) 214 (385  0.20°

Ever 462 (83.1) 450(80.9) 035"
Pack-years (Mean = SD) 50.6 = 29.1 473+32.1 0.11

p values were derived from the f test for categorical variables

gender and smokmg status) and ¢ test for continuous variables (age

and pack-years).— 23D, standard deviation. 1Among never, former and
current smokers.— Ever smokers compared with never smokers.

Results
Individual ATM polymorphisms and NSCLC risk

Table I lists the selected characteristics of the study population
and illustrates that the case patients and control subjects were well
matched on age, gender and smoking status. The average genotyp-
ing call rate for all SNPs is 97.4 % (95.8-98.9%) and there are no
significant call rate differences between cases and controls (the
average call rate is 97.6 and 97.3% for cases and controls, respec-
tively).

Table IT summarizes the name, reference number, gene position
and genotypic distributions of cach SNP and their associations
with NSCLC risk. Two highly linked intronic SNPs, ATM08 and
ATM10, exhibited significant and borderline significant associa-
tions with NSCLC risk, respectively, when their homozygous
wild-type plus heterozygous genotypes were used as the reference
group. For the ATMO08 polymorphism, when compared to the
wild-type CC genotype, carriers of 1 variant allele (CT) showed a
nonsignificant protective effect (OR = 0.79 (0.61-1.02)) whereas
the homozygous variant genotype (TT) exhibited a nonsignificant
association with an increased NSCLC risk (OR = 1.38 (0.89—
2.13)) (data not shown). However, when the genotypes of at least
1 wild-type allele were combined together as the reference group
(CC + CT), the TT genotype demonstrated a significant associa-
tion with an increased NSCLC risk (OR = 1.35 (1.02-2.35)). Sim-
ilarly, when the group with at least 1 wild-type allele of ATM10
was used as a reference (AA + AC), the CC genotype showed a
borderline statistically significant association with an elevated risk
(OR = 1.51 (0.99-2.31)).

The manifested risk of both SNPs were more evident in males,
in young people (<61 years old), and in former smokers with ORs
of 1.87 (1.08-3.26) 2.32 (1.26-4.27) and 2.01 (1.05-3.84) for
ATMO8 respectively, and ORs of 1.84 (1.04-3.24), 2.09 (1.13-
3.88) and 2.07 (1.08-3.94) for ATM10 respectively (Table III).
The double-variant genotypes of other SNPs including ATMO1,
ATM02, ATMOS, ATM06 ATMO7, ATM09 and ATM11 did not ex-
hibit apparent alterations in ORs. The small sample size of the
homozygous-variant genotypes of ATM03 and ATMO04 limited
their further analysis (Table II).

Associations of ATM haplotypes with NSCLC risk

Eight haplotypes with frequency greater than 1% in both cases
and controls were identified. Six common haplotypes accounted
for 98% of the total hapiotypes Other software implemented with
Bayesian algorithm®” produced very similar results (data now
shown). The most common haplotype H1 (TTCCGTCCGAT) (in
the order from ATMO01 to ATM11) showed a frequency of 36% in
both cases and controls. There was no overall association between
haplotypes and NSCLC risk using the most commeon H1 haplotype
as the reference group (Table IV). However, on stratified analysis,
the H5 haplotype (TTCTGTCCGAT) was significantly associated
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with a decreased risk in former smokers (OR = .47 (0.25-0.96))
(Table IV).

Associations of ATM diplotypes with NSCLC risk

Diplotypes were reconstructed using the estimated haplotypes
with probability greater than 95% (Table V). The 10 highest diplo-
types constituted more than 86% of the cases and 86% of the con-
trols. Compared to the most common diplotype (111-H2), H2-H2
manifested a borderline significant association with increased
NSCLC risk (OR = 1.58 (0.99--2.54)). The effect was more prom-
inent in young people with an OR of 2.26 (1.13—4.52) and in for-
mer smokers with an OR of 2.22 (1.06-4.65) (data not shown).
The increased risk associated with H2-H2 was in line with the
result of the individual significant SNPs since H2-H2 was the
only diplotype containing homozygous variant alleles of both
ATMO08 and ATM10. The H3—H4 diplotype also exhibited a signif-
icant risk effect (OR = 2.29 (1.05-5.00)), which was higher in
females (OR = 8.17 (1.69-39.33)) (data not shown). The H2-H4
diplotype did not demonstrate overall significance; however, it
showed a significant effect within the strata of females (OR =
2.85 (1.03-7.79)) and never smokers (OR = 3.94 (1.04-14.93))
(data not shown).

Genotype—phenotype correlations in controls

To validate the biological implication of the demonstrated asso-
ciations between increased NSCLC risk and ATMO8/ATM10, we
performed genotype—phenotype correlation analyses in 116 con-
trol subjects with available comet data. The bascline comet assay
showed no noteworthy distinctions between the reference group
and the homozygous variants (Table VI). However, individuals
with homozygous variant genotypes demonstrated significantly
elevated +y-radiation-induced DNA damage, as represented by
higher levels of olive tail moment, compared to carriers of at least
1 wild-type allele in either ATMOB or ATM10 (ATMO8, TT vs.
CC+CT: 4.86 = 2.43 vs. 3.79 = 1.51, p = 0.04; ATM10, CC vs.
AA + AC: 5.14 = 237 vs. 3.79 = 1.54, p = 0.01) (Table VI).
The average interassay coefficient variation for the +y-radiation
comet assay was 9.8% (data not shown), which is modest com-
pared with the variation resulting from genotype differences of
ATMO8 and ATM10.

Discussion

The main finding of this report is that two-linked intronic SNPs
of ATM exhibited a similar recessive pattern of association with
increased NSCLC risk, which is strongly supported by the comet
assay indicating that the variants might function through influenc-
ing the DNA damage/repair pathway of the host cell. No literature
has investigated the associations of these 2 SNPs with any form of
cancer or other diseases. The close proximity of the 2 SNPs (in
introns 61 and 62) to the ATM PI3 kinase domain (exons 60 and
61) lends support to the hypothesis that these 2 SNPs might regu-
late ATM PI3 kinase activity by affecting either the kinase domain
or FAT domain immediately before the kinase motif.

All SNPs conformed to IHardy—-Weinberg Equilibrium (HWE)
in both case patients and control subjects, except for ATMO08 and
ATM10, which showed significant deviation in controls (Table II,
0.02 and 0.04, respectively). However, the divergence from HWE
is not likely the result of genotyping errors since we observed
complete concordance from genotyping quality controls. More-
over, neither of the 2 SNPs were still out of HWE when the
Bonferroni-corrected significance threshold was applled to test the
null hypothesis of HWE to detect genotyping errors.” ® Similar
results were obtained when we used the less conservative Benja-
mini—Hochberg step-up procedure to control for false discovery
rate (FDR) of HWE at the 5% level (data not shown). More impor-
tantly, the results of our comet functional assays measuring the
DNA damage/DRC indicated that the homozygous variant geno-
type of these 2 SNPs were associated with significantly higher lev-
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TABLE II - CASE-CONTROL DISTRIBUTION OF GENOTYPES OF 11 POTENTIAL ATM SEQUENCE VARIANTS

Reference Position Genotypes Cases, N (%) Controls, N (%) OR' (95% CI')* HWE? p (controls)

ATMO1 rs228589 5' region AA + AT 434 (80.7) 433 (80.8) 1.00 (reference) 0.31
T 104 (19.3) 103 (19.2) 1.01 (0.74-1.37)

ATMO2 rs664677 Intron TI+TC 445 (81.4) 441 (81.7) 1.00 (reference) 0.34
CcC 102 (18.6) 99 (18.3) 1.03 (0.81-1.14)

ATMO3 rs1800058 Exon, nsSNP* CC+CT 549 (99.8) 550 (100) 1.00 (reference) 0.60
TT 1(0.2) 0(0) N/A®

ATM04 rs 1800889 Exon, sSNP* CC+CT 548 (100) 550 (99.8) 1.00 (reference) 0.80
TT 00 1(0.2) N/A

ATMOS5 rs1801516 Exon, nsSNP GG + GA 537 (98.7) 536 (98.2) 1.00 (reference) 0.59
AA 7(1.3) 10 (1.8) 0.70 (0.26—1.85)

ATMO06 rs611646 Intron TT + TA 445 (81.4) 458 (85.0) 1.00 (reference) 0.18
AA 102 (18.6) 81 (15.0) 1.30 (0.95-1.80)

ATMO7 rs609429 Intron GG + GC 436 (80.9) 438 (81.4) 1.00 (reference) 0.25
cC 103 (19.1) 100 (18.6) 1.04 (0.76-1.41)

ATMOS 15227060 Intron CC+CT 469 (88.7) 495 (92.4) 1.00 (reference) 0.02
LT 60 (11.3) 41 (7.6) 1.55 (1.02-2.35)

ATM09 rs664 143 Intron GG + GA 433 (80.6) 441 (82.3) 1.00 (reference) 0.16
AA 104 (19.4) 95 (17.7) 1.12 (0.82-1.52)

ATM10 15170548 Intron AA + AC 483 (89.3) 500 (92.6) 1.00 (reference) 0.04
cC 58 (10.7) 40 (7.4) 1.51 (0.99-2.31)

ATM11 rsd585 3 region TT + TG 442 (80.8) 440 (81.5) 1.00 (reference) 0.14
GG 105 (19.2) 100 (18.5) 1.05 (0.77-1.42)

The bold type face indicates a significant results.

OR, odds ratio; CI, confidence interval.—*Adjusted for age, gender and smoking status —"HWE, Hardy—Weinberg equilibrium.~*nsSNP, non-

synonymous SNP; sSNP, synonymous SNP.—* N/A, not available.

TABLE III - CASE-CONTROL DISTRIBUTIONS OF ATMO8 AND ATM10 STRATIFIED BY SELECT VARIABLES

ATM10
Controls, N (%)

Cases, N (%)

ATMOS
Cuscs.x‘\_f (%) Controls, N (%) Adjusted, OR (95% CI)!
Age
<61°
CC + C1 233 (83.8) 231 (81.1) 1.00 (reference)
Tg 45 (16.2) 54 (18.9) 2.32 (1.26-4.27)
>61
CC+CT  236(90.1) 228 (90.5) 1.00 (reference)
TT 26 (9.9) 24 (9.5) 1.05 (0.59-1.89)
Sex
Male
CC+CT 256 (87.1) 275 (92.6) 1.00 (reference)
TT 38 (12.9) 22(7.4) 1.87 (1.08-3.26)
Female
CC+CT 213 (90.6) 220 (92.1) 1.00 (reference)
TT 22 (9.4) 19 (7.9) 1.17 (0.61-2.23)
Smoking status
Never smoker
CC+CT 84 (92.3) 97 (91.5) 1.00 (reference)
T 7(1.71 9(8.3) 0.89 (0.32-2.49)
Former smoker
CC+CT  182(86.7) 207 (92.8) 1.00 (reference)
TT 28 (13.3) 16 (71.2) 2.01 (1.05-3.84)
Current smoker
CC+CT  203(89.0) 191 (92.3) 1.00 (reference)
TT 25 (11.0) 16 (1.7 1.46 (0.75-2.82)

AA + AC 242 (88.3) 265 (94.0) 1.00 (reference)
ccC 32(11L.7) 17 (6.0) 2.09 (1.13-3.88)
AA + AC 241 (90.3) 235 (91.1) 1.00 (reference)
cC 26 (9.7) 23 (8.9) 1.12 (0.62-2.02)
AA + AC 265 (88.0) 246 (92.1) 1.00 (reference)
ee 36 (12.0) 21(7.9) 1.84 (1.04-3.24)
AA + AC  218(90.8) 221 (92.1) 1.00 (reference)
cC 22(9.2) 19 (7.9) 1.16 (0.61-2.21)
AA + AC 96 (93.2) 94 (91.3) 1.00 (reference)
cC 7 (6.8) 9 (8.7) 0.85 (0.30-2.38)
AA + AC 184 (86.8) 215 (93.1) 1.00 (reference)
cC 28 (13.2) 16 (6.9) 2.07 (1.08-3.94)
AA + AC 213 (90.3) 191 (92.7) 1.00 (reference)
cC 23 (9.7) 15 (7.3) 1.36 (0.69-2.69)

! Adjusted for age, gender and smoking status.—61 is the mean age of control subjects.

els of gamma-radiation-induced DNA damage, strongly suggest-
ing that the elevated risk associated with them are biologically
plausible rather than being attained by population selection bias.
Validation through functional assays lends supports to the con-
clusions drawn from genotyping data. However, such assays are
scarce in most published cancer association studies. In the present
report, we performed the comet assay, a single cell gel electro-
phoresis-based laboratory test frq,ltéucmly used to evaluate DNA
damage/repair and genotoxicity,” to assess the correlation of
ATM genotypes with the host DNA damage/repair capacity in the
control group. We discovered that radiation-induced-, but not
baseline-, DNA damage was significantly higher in the homozy-
gous variant genotypes of both ATMO8 and ATM10, when com-
pared to genotypes with at least 1 wild-type allele. This was

strongly consistent with the role played by ATM in monitoring
radiation-induced DSB DNA damage and initiating the corre-
sponding repair process.”” The delicate structure of the ATM pro-
tein has remained elusive, which has limited in-depth investigation
of the interactions between ATM and relevant signal effectors
implicated in DSB repair. It is clear that one of the converging
effects of the ATM-mediated signal pathways is to induce cell
cycle arrest and allow the cell to repair the damage. Therefore, the
hypothesis that ATM functional variants influence the function of
the ATM protein on DNA repair coincide with the phenotypic
assay results that the samples with homozygous variants of either
ATMO8 or ATM10 showed a significant increase in DNA damage
as well as increased NSCLC risk. This finding was further sup-
ported by the data showing the associations of diplotype H2-H2,
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OR (95% CI)
1.03 (0.74-1.42)

1.00 (reference)
1.15 (0.70—1.90)
0.79 (0.40-1.57)
2.00 (0.79-5.06)
0.59 (0.19-1.85)

Current smoker

151 (36.7)
127 (30.8)
65 (15.8) 0.93 (0.62-1.40)
34(8.3)
20 (4.9)
7(.7)
8 (1.9)

YANG ET AL.
TABLE V - ATM DIPLOTYPES AND NSCLC RISK

Diplotype Cases N (%) Controls N (%) OR (95% CI)’

H1-H2 120(22.4) 137 (25.3) 1.00 (reference)
H1-H1 72 (13.5) 68 (12.5) 1.21 (0.80-1.83)
HI-H3 61(11.4) 56 (10.3) 1.23 (0.79-1.91)
H2-H2 58 (10.8) 41 (7.6) 1.58 (0.99-2.54)
H2-H3 46 (8.6) 55(10.1) 0.92 (0.58-1.47)
H1-H4 32(6.0) 34(6.3) 1.05(0.61-1.81)
H2-H4 30(5.6) 34 (6.3) 1.02 (0.58-1.77)
H3-H4 21(3.9) 11 (2.0) 2.29 (1.05-5.00)
H2-H5 14(2.6) 17 (3.1) 0.90 (0.42-1.93)
HI1-H5 13 (2.4) 16 (3.0) 0.94 (0.43-2.05)
Others? 68 (12.7) 73 (13.5) 1.08 (0.71-1.63)

Cases, N (%) Controls, N (%)
5(1.1)

1.00 (reference) 168 (36.4)
17 (3.7)

44 (9.5)
15 (3.2)

OR (95% CI)
69 (14.9) 096 (0.64-1.44) 67 (14.5)
0.47 (0.25-0.96)
1.23 (0.53-2.85)
0.72 (0.24-2.13)

49 (10.6) 0.77 (0.48-1.25)

Former smoker
154 (33.3)
1.17 (0.72-1.90) 133 (31.2) 144 (31.2) 0091 (0.66-1.27) 146 (31.6)
27 (5.8)
1124
8(1.7)

3.1
13 (3.1
6(1.4)

Cases, N (%) Controls, N (%)
13

157 (36.9)

OR (95% CT)
1.81 (0.95-3.48) 66 (15.5)

1.93(0.91-4.05) 38 (8.9)
2.24 (0.75-6.60)
1.38 (0.39-4.84)

1.00 (reference)
2.18 (0.19-25.5)

Never smoker

Cases, N (%) Controls, N (%)
1(0.5)

92 (43.8)
67 (31.9)
22 (10.5)
16 (7.6)
6 (2.9)
6(2.9)

527
2(1.1)

_OR (95% €I’
1.00 (reference) 63 (34.6)

1.01 (0.82-1.24) 55 (30.2)
1.04 (0.80-1.35) 27 (14.8)
1.06 (0.78-1.45) 20 (11.0)

0.76 (0.49-1.18) 10 (5.5)

1.47 (0.85-2.54)
0.76 (0.36-1.59)

Overall

Cases, N (%) Controls, N ("&]
53 (4.9)

99 (9.1)
24 (2.2)
17 (1.6)

TABLE IV - DISTRIBUTION OF ATM HAPLOTYPES AND NSCLC RISK IN CASE PATIENTS AND CONTROL SUBJECTS BY SMOKING STATUS
156 (14.4)

388 (36.3) 397 (36.6)
40 (3.7)
33 G3.1)
13 (1.2)

334 (31.2) 338 (31.2)

160 (15.0)
102 (9.5)

Haplotypes sequence
' Adjusted for age, gender and smoking status.~>This category combined all other haplotypes.

ACCCGAGCAAG

ACCCGAGTACG
H5

H3
ACCCATGCAAG

TTCCGTCCGAT
H4

H2
TTTCGTCCGAT

TTCTGTCCGAT

H1
H6

'Adjusted for age, gender and smoking status.—This category com-
bines all other diplotypes.

TABLE VI - ASSOCIATIONS OF GENOTYPES OF ATM08 AND ATM10
WITH DNA DAMAGE/REPAIR ASSESSED BY COMET ASSAY IN
CONTROL SUBJECTS

Baseline y-radiation-induced

N Mean £SD' pvalue® N  Mean £ SD  pvalue

ATMO8

CC+CT 103 1.38x0.70 99 379+ 1.5]

TT 11 1392079 096 11 486 243 0.04
ATMI0

AA + AC 101 1.39+0.72 97 379 * 154

CcC 10 143 +0.80 085 10 5.14 237 0.01

'SD), standard deviation.—*p value for 7 test.

the only analyzed diplotype containing the homozygous variants
of both ATMO8 and ATM10, with elevated NSCLC risk. Previ-
ous reports have suggested that most mutations/variations in
ATM region exert aberrant functions b% influencing ATM activ-
ity instead of its protein expression. Analysis of kinase ac-
tivity of Ser!*®!-phosphorylated ATM,® as well as the expression
profile of the total ATM level using peripheral blood cells
derived from subjects with different ATMO8/ATM 10 genotypes
will cast more light on this hypothesis.

No significant gene-dose effect was identified for either
ATMO8 or ATM10. This may be because ATM is a tumor sup-
pressor gene and, thereby, 2 copies of the gene need to be inacti-
vated before carcinogenesis ensues. This recessive functional
fashion is a common theme of many tumor SUppressor genes and
the “two-hit” hypothesis of carcinogenesis 15 thc most convinc-
ing explanation for its working meLhamsm * We also noticed
that the elevated risks for ATM08 and ATM10 were higher in for-
mer smokers than in current smokers. An unambiguous hypothe-
sis regarding interaction between smoking and ATM genetic var-
iants has yet to be developed. The genetic effects of ATM var-
iants observed in this study may have been overwhelmed by the
strong smoking exposure in current smokers. Moreover, as the
results of the stratified analyses were based on relatively small
sample size, this result needs to be interpreted with caution and
requires validation in larger studies. Among the 6 intronic SNPs
analyzed, ATMO02, ATM07 dnd ATM09 have been associated
with risk of breast cancer'™'% however, our data did not suggest
that any of these was related to NSCLC risk. ATMO5, the only
nsSNP current]y identified as having an MAF > 10%, has been
implicated in various types of cancer'™2" but showed no effect
in this study. Furthermore, haplotypes constructed using only
potential functional SNPs (nsSNPs and regulatory SNPs, includ-
ing ATM01, ATM03, ATMOS and ATM11) did not reveal any
association with NSCLC risk (data not shown).

In a recent case-control study, Kim et al. described the associ-
ation of rs664143 (ATMOQ) with increased lung cancer risk in
a Korean population.®® This SNP did not show an evident
link with NSCLC risk in our study, possibly due to the remark-
able difference in the allelic frequency between these 2
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populations.?” In addition, we restricted our case patients to
NSCLC, whereas Kim et al. investigated all lung cancer subtypes.

In summary, our study presents the first epidemiological data

describing the associations of 2 common ATM polymorphisms
(ATMO08 and ATM10) and clevated NSCLC risk. The hypothesis
that these 2 SNPs function through influencing ATM kinase ac-
tivity was underscored by the independent phenotypic assay ana-
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possibility that other rare ATM polymorphisms in LD with these
2 SNPs are the real causative agents. Further investigations
exploring the molecular mechanism of the proposed ATM func-
tional variations as well as the downstream signal transducers
mediating the observed effects are warranted to provide a new
dimension to our current understanding of the significance of
ATM sequence variants in a more inclusive picture of lung carci-

lyzing DNA repair profiles. Nevertheless, we cannot rule out the  nogenesis.
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Supplemental data

Figure S1. CpG islands of the genes analyzed. Exons of individual genes are depicted as empty
boxes and transcription starting sites at exon | are marked with arrows. Vertical bars show
individual CpG sites. Black boxes and lines flanked with arrow heads indicate areas studied for
DNA methylation by pyrosequencing and methylation specific PCR, respectively.
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Figure S2. Representative graphs showing demethylation of R4SS F14 promoter but not pI6
promoter by ADNMT3B2/4 siRNA treatment in H1299 cells measured by pyrosequencing.
RASSF 14 promoter methylation status in cells treated with control siRNA (A) or ADNMT3B2/4
siRNA (B). p16 promoter methylation status in cells treated with control siRNA (C) or
ADNMT3B2/4 siRNA (D).
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A genetic mouse model for metastatic lung cancer with gender differences

in survival
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Lung cancer is a devastating disease with poor prognosis.
The design of better therapies for lung cancer patients
would be greatly aided by good mouse models that closely
resemble the human disease. Unfortunately, current
models for lung adenocarcinoma are inadequate due to
the absence of metastases. In this study, we incorporated
both K-ras and p33 missense mutations into the mouse
genome and established a more faithful genetic model for
human lung adenocarcinoma, the most common type of
lung cancer. Mice with both mutations developed ad-
vanced lung adenocarcinomas that were highly aggressive
and metastasized to multiple intrathoracic and extrathor-
acic sites in a pattern similar to that of human lung
cancer. These mice also showed a gender difference in
cancer-related death. Additionally, the presence of both
mutations induced pleural mesotheliomas in 23% of these
mice. This mouse model recapitulates the metastatic
nature of human lung cancer and will be invaluable to
further probe the molecular basis of metastatic lung
cancer and for translational studies.
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Introduction

Lung cancer is the leading cause of cancer-related
deaths. Although considerable effort has provided
insight into the molecular events leading to the
progression and metastasis of lung cancer, little im-
provement in treatment outcome has been achieved.
Many mouse models have been developed for lung
cancer to test new treatment options. Xenograft models,
in which human tumor cells are grafted into immune
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compromised mice, have been extensively used for
preclinical testing. However, these models have intrinsic
flaws, generally resulting in poor predicative power of
the clinical efficacy of anticancer agents (Becher and
Holland, 2006; Sausville and Burger, 2006). Susceptible
mouse strains, including A/J and SWR, spontaneously
develop lung tumors, with the sensitivity strongly asso-
ciated with a polymorphism in intron 2 of the K-ras
gene (You et al, 1992; Malkinson and You, 1994).
These strains are also highly sensitive to the induction of
lung tumors by chemical carcinogens. For example, a
single dose of 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) in A/J mice induces alveolar hyper-
plasias, lung adenomas, and adenocarcinomas 42 weeks
after carcinogen treatment (Belinsky er al., 1993).
Increased tumor induction by vinyl carbamate was
demonstrated in transgenic mice carrying a mutant p53
with an Ala-to-Val mutation at codon 135 and a
deletion of a K-ras allele (Wang et al., 2006a, b). These
and many other studies illustrate that the A/J model is a
useful one to evaluate chemointerventive agents of lung
tumors (Castonguay er al., 1991; Hecht er al., 1991).
Unfortunately, lung tumors in A/J mice treated with
carcinogens are generally not aggressive and do not
metastasize.

To overcome these deficiencies, investigators have
attempted to cstablish models that mimic the genetic
signature of lung cancer. Two of the most common
molecular changes identified in human lung cancer are
mutations of the p33 and K-ras genes (Mitsudomi et al.,
1992; Salgia and Skarin, 1998). Missense mutations in
the p33 gene are found in more than 50% of human lung
cancers, while p33 deletions are rare (Takahashi ef al.,
1989; Chiba et al., 1990; Greenblatt er al., 1994). The hot
spot p53 mutations in lung cancer occur at amino acids
157, 158, 175, 245, 248, 249 and 273 (Toyooka et al.,
2003; Vahakangas et al., 2001). Constitutive activation
of the K-ras gene through mutations occurs in 30% of
lung cancers, about 80% of which occur at codon 12
(Rodenhuis er al., 1988; Rodenhuis and Slebos, 1992).

Current genetic models of human lung adenocarcino-
ma are also limited by the absence or rare occurrence of
metastasis (Meuwissen and Berns, 2005). In one model,
mice inherit a latent mutant K-ras allele at the
endogenous locus (K-ras“'’), which is spontaneously



activated in vivo (Johnson et al., 2001). The activated
K-ras™" allele expresses mutant K-ras with an aspartic
acid at codon 12, inducing multifocal lung adenocarci-
nomas in heterozygous mice (K-ras“*!/+), The advantage
of this model is that somatic activation of the K-ras
proto-oncogene in mouse lung mimics mutational
activation of the K-ras gene occurring in human lung
cancer. The disadvantage, however, is that lung
adenocarcinomas in this model, and in one with an
accompanying deletion of p33. rarely metastasize.

Likewise, mouse models with p53 mutations have
recently been described. One particular mutation
generated at the endogenous p53 allele contains an
arginine-to-histidine substitution at codon 172, which
corresponds to the hot spot mutation at 175 in human
p33 (Liu et al, 2000; Lang et al., 2004; Olive et al.,
2004). The first mouse model with this mutation
expresses low levels of mutant p53 because of an
intronic deletion of a single nucleotide (p53%'7™""4#) (Liu
et al, 2000). Strikingly, however, p33*/72Hi+ mice
develop osteosarcomas and carcinomas that metastasize
at a frequency of 69 and 40%, respectively, a phenotype
not observed in p33 ' mice. This metastatic phenotype
was confirmed in the latest models cxpressing mutant
p53 at appropriate levels (Lang et al., 2004; Olive et al.,
2004). These models demonstrate that mutant p53 has a
gain of function in addition to loss of function in vive,
and reproduce the metastatic nature of human cancers.
Unfortunately, however, mice expressing mutant p53
rarcly develop lung adenocarcinomas.

Since mice inheriting a p53 missense mutation develop
a wide range of tumors that metastasize, we postulated
that K-ras mutation could initiate lung adenocarcinoma,
while p33 mutation could exacerbate the phenotype by
promoting dissemination of cancer cells. In an effort to
develop a more faithful mouse model, one with similar
molecular changes and metastatic behavior to human
lung cancer, we generated mice with both p53 and K-ras
missense mutations. We found that the combination of
these mutations resulted in lung adenocarcinomas with a
high incidence of metastases and gender differences in
cancer-related death. This new mouse model thus most
closely simulates human metastatic lung cancer and
provides an immunocompetent system to test novel
therapeutic agents in vivo.

Results

Lung cancer in pS3®'7M%/+ Korag ™'t mice

The p53%/724</1 mice carrying a missense mutation
in one p53 allele (Liu er al., 2000) were crossed with
K-ras™""' mice carrying a latent mutant K-ras allele
(Johnson et al., 2001) to generate K-ras"™'"'*, p53ri72He
and p53®7At Kopag™'+ mice. All genotypes pro-
duced from the above cross were included in the cohort
study and were in a 129Sv background. The pj3#/72#HAe ¢
K-ras*""'* mice are sometimes referred to as double
mutant mice for simplicity. For comparison, p53'/ K-
ras""'"* mice were also generated and included in this
study.
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At necropsy, p33*HAsi= Kergstit mice had sub-
stantial lung tumor burden (Figure 1Aa). Histologically,
the lesions were atypical adenomatous hyperplasia
(AAH), adenomas and adenocarcinomas. AAH, the
precursor lesion of human lung adenocarcinoma
(Kitamura et al., 1999), was identified in multifocal
and diffuse patterns contiguous with well-defined or
ill-defined adenomas and adenocarcinomas (Figure
1Ba). Lung adenomas and adenocarcinomas were
frequently juxtaposed and merging (Figure 1Bb).
The majority of double mutant mice had multiple large
or diffuse adenocarcinomas, which had papillary/
glandular phenotypes or were poorly differentiated
(Figure 1Aa and Bc, d). Lung adenocarcinoma cells
usually had enlarged vesicular nuclei with prominent
nucleoli, similar to human lung adenocarcinoma
cells. Surfactant protein C (SPC), which is frequently
expressed in human lung adenocarcinoma, was detected
in murine lung adenocarcinomas by immunohisto-
chemistry (Figure 1Be). Papillary hyperplasia of
bronchial epithelial cells was also observed in double
mutant mice (Figure IBf). These hyperplastic cells are
positive for CC10, a Clara cell marker, suggesting an
alternative origin of lung adenocarcinoma in this model
(Figure 1Bg).

Strikingly, lung adenocarcinomas in this model were
highly invasive and metastatic (Figure 1Ab-¢ and Bh, i).
Metastatic lesions in the lymph node and liver stained
positive for SPC (Figure 1Bh and i, respectively).

Pleural mesothelioma, which originates from me-
sothelial cells of the pleura, was also obscrved in
pS3firtbes Kopggtti+ mice. Grossly, multiple lesions
appeared on the pleura and multiple enlarged lymph
nodes were observed in the mediastinum (Figure 2A).
Microscopically, mesothelial cells were observed pro-
liferating in a papillary pattern into pleural space
(Figure 2Ba). Early-stage pleural mesotheliomas were
localized and clearly identified on top of hyperplastic
lung tissue and adenoma (Figure 2Bb and c). Late-stage
pleural mesotheliomas invaded lung parenchyma
(Figure 2Bd). The majority of pleural mesotheliomas
in this model were biphasic, composed of both
epithelioid and sarcomatoid cancer cells with pro-
nounced pleomorphism and marked nuclear atypia.
Sarcomatoid lesions were associated with spindle cell
fibrous components, resembling human fibrous me-
sothelioma (Figure 2Be). Highly aggressive mesothelio-
mas extended into surrounding tissues and metastasized
to mediastinal lymph nodes, liver, pancreas, ovary, and
other sites (Figure 2Bf and data not shown). Pleural
mesotheliomas in this model were positive for at least
one marker, Calretinin or Cytokeratin 6 (Figure 2Bg, h
and Table 1), and negative for SPC (Figure 1Be) and for
periodic acid-Schiff (PAS) staining (data not shown).
These data further verified the histological diagnosis of
mesothelioma. There are no reports of pleural mesothe-
lioma in previously published K-ras™*"'' mice probably
due to the low frequency of this tumor type (Johnson
et al., 2001). We also did not observe mesotheliomas in
pI3RITAMsE g p53RIT = mice (Liu er al., 2000; Lang
et al., 2004).
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Tumor spectrum in p53%'7H%+ K-ras"*V* mice
All
tumors. The major type of malignancy was lung
adenocarcinoma, which developed in 52 of 56 double
mutant mice (Table 2). Pleural mesothelioma was
identified in 13 of these 56 mice. Six out of these 13
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Figure 1 p33"/720/t Kopas™''' mice developed highly aggressive lung adenocarcinomas with metastases to multiple sites. (A)
Photographs of lung tissue with high tumor burden, adenocarcinomas (a), metastatic lesions to the liver (b), parietal pleura (c), kidney
(d), and heart (e). Representative tumors are marked by arrows. (B) Photomicrographs of adenomatous alveolar hyperplasia (a),
merged adenoma and adenocarcinoma (b), lung adenocarcinoma with a papillary growth pattern (c), poorly differentiated lung
adenocarcinoma (d). Immunohistochemistry to detect SPC staining in lung adenocarcinoma (AC) and adjacent pleural mesothelioma
(M) (e). A bronchial hyperplasia of epithelial cells (f) was stained for CC10 by immunofiuorescence (red) and nuclei are stained with
Topro 3 (blue) (g). SPC staining of lung adenocarcinoma metastases to the lymph node (h) and liver (i). Tumor sections in (a -d) and (f)
were staincd by H&E.

abdominal cavity through the diaphragm was noted in P = 0.0053).
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three of the six mice with peritoneal mesotheliomas. In
p33ritas= Kepgs™t't mice developed lung  addition to lung tumors, lymphoma infiltration in lung
appeared in 6/56 (10.7%) of double mutant mice. Mice
with both lung adenocarcinomas and lung lymphomas
did not develop any metastases, probably because they
died at a younger age than mice with only lung
mice also had peritoneal mesotheliomas. Grossly,  adenocarcinomas (median survival of 256 days com-
anatomical extension of thoracic lesions into the  pared to 317 days for those without lymphomas;
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Figure 2 p53f/tse= Kopgstii+= mice also developed highly
aggressive pleural mesotheliomas. (A) Photographs of multiple
lesions of mesothelioma (diagnosed microscopically) on parietal
pleura (a, arrows) and metastases in mediastinum (b, arrows). (B)
Photomicrographs of bland papillary proliferation of mesothelial
cclls arising from the pleural lining (a) nodular pleural mesothe-
lioma (*) on top of lung parenchyma (b) localized pleural
mesothelioma (*) clearly distinguished from the underlying
adenoma with glandular differentiation (¢) biphasic pleural
mesothelioma having both epithelial (ep) and sarcomatoid (s)
components encroached into lung parenchyma (d), inset shows
pleomorphism and nuclear atypia in mesotheliomas (d), a fibrous
mesothelioma growing exophytically (e, arrows mark the visceral
pleura), pleural mesothelioma spread to extrapleural connective
(c1) and adipose (ad) tissues () positive Calretinin staining (g) and
positive staining for Cytokeratin 6 (h) in mesotheliomas by
immunohistochemistry. Tumor sections in (a—f) were stained by
H&E.

For comparison, 48 K-ras*'’/' mice were also
analysed. They developed a tumor spectrum similar to
that of double mutant mice (Table 2). Pleural mesothe-
liomas were identified in 4/48 K-ras™'"' mice, but no
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Table 1 Calretinin  and Cytokeratin 6

mesothelioma

immunostaining  in

Mesothelioma Calretinin Cytokeratin 6

1 + -
2 N§* +
3 + t
4 + -
5 - t
6 B t
7 +
8 + -
9 + NS
10 + -
t

*NS: not stained due to small size. "A putative metastasis.

mesotheliomas were identified in the peritoneum. The
incidence of pleural mesotheliomas in K-ras™'"'* mice
was lower than that in double mutant mice (x*, P<0.05).
As previously reported, p3i3*/72Ha ' mice develop
lymphomas, sarcomas, and carcinomas, a few of which
are lung adenocarcinomas (Liu et al., 2000) (Table 2).

High metastatic potential of lung adenocarcinoma in
p53Rl?2HAgI+ K_IaSI,AII+ n?ice

Lung adenocarcinomas in p33R/721a+ Kopgsh41+ mice
were much more aggressive and metastatic than those in
K-ras™*'~ mice. At 34 months of age, double mutant
mice developed AAH, lung adenomas, and small, focal
adenocarcinomas with no metastasis (data not shown).
Metastases were identified at 7-14 months of age in
dissected double mutant mice. Histologically, metastases
were found in 19 of 52 p33%/72H4l+ Kopast1"+ mice that
had developed lung adenocarcinomas (36.5%), while
metastases were found in the two of 44 K-ras™*"* mice
that had developed lung adenocarcinomas (4.5%),
which was significantly different (3°, P<0.001). Lung
adenocarcinomas were widely disseminated to multiple
intrathoracic and extrathoracic sites in double mutant
mice (Table 3). Seeding was restricted to the mediasti-
num in the two K-ras™"" mice with metastases
(Table 3). The average number of sites of metastases
was 2.3 per pi3*7HNL Kopgs™' mouse. Mediastinal
structures were the major metastatic sites (mediastinal
lymph nodes/adipose tissuec and heart). Extrathoracic
sites of metastases included liver, adrenal glands, body
wall, kidneys, and mesentery/lymph nodes. Previously
published data show that p53*/ K-ras™¥* mice
develop lung adenocarcinomas with more malignant
features, but no metastasis (Johnson et al., 2001). We
also analyzed five p53 '/~ K-ras™*"""" mice and found that
they developed lung tumors but no metastasis, as
reported previously (data not shown). Thus, the meta-
static burden was the most remarkable difference among
p53RI7.’HA;:; | K‘“J"HS"'A'" i . p53 1y K_raS.’.AI,‘ | H.rld K_raslul.'f f
mice. Notably, not all enlarged nodules seen in the
mediastinum at necropsy were metastases. These were
reactive lymph nodes, an observation consistent with
that in human lung cancer (Kerret al., 1992).

6899

Oncogene



Genetic mouse model for metastatic lung cancer

S Zheng et a/

6900

Table 2 Tumor spectra of p53®/7Hae

K_rasl.ﬁl.‘" s K_l-asl..'\\.” 4 and p53KI71”:§W t

Tumor types pS3ralt Kopgs™ # of mice (% )* K-ras™"1" # of mice (% )° P33R o of mice (% )¢
Lung/pleura
Adenocarcinoma 35 (62.5) 34 (70.8) 3(13)
Adenocarcinoma + mesothelioma 13 (23.2)¢ 4 (8.3)¢ 0
Adcnocarcinoma + lymphoma 4(7.1) 6 (12.5) 1 (4.3)
Adenomat +lymphoma 4(7.1) 4 (8.3) [ (4.3)
Sarcoma
Osteosarcoma 0 0 8 (34.8)
Angiosarcoma 4 (7.1) 4(8.3) 0
Fibrosarcoma 3(54) 1 2.1 0
Unclassified 2(3.6) 0 3(13)
Lymphoma 6(10.7) 12 (25) 8 (34.8)
Carcinomas (other)
Pancrealic carcinoma 2(3.6) 0 0
Squamous carcinoma 1(1.8) 12.D) 5121-7)
Rectal mucinous adenocarcinoma 0 2(4.2) 0
Melanoma 0 1(2.1) 0
Papilloma 9(l6.1) 13 (27.1) 0

“Total 56 p3j3*/72Ha " K-ras™"' mice were analysed. "Total 48 K-ras™'""

mice were analysed. ‘Total 23 p3i3r/ e

mice were analysed. ‘%7,

P<0.05. “Mice in this category did not have overt adenocarcinomas.

Table 3 Site and frequency of metastases from primary lung adenocarcinomas

Sites Qf metastases p53R17~"Ma b K-rgst it K-rasti+ pJ'jRU}qu'-

#/1otal with metastases (% )* #/total with metastases (% )° #/total with metastases (% )°

Intrathoracic sites

Mediastinal lymph node 13/19 (68.4) 2/2 (100) 1/1 (100)
Heart 4/19 (21.1) 0/2 1/1 (100)
Parietal pleura 3/19 (15.8) 0/2 0/1
Diaphragm 3/19 (15.8) 0/2 0/1
Extrathoracic sites
Liver 3/19 (15.8) 0/2 1/1 (100)
Adrenal gland 4/19 (21.1) 0/2 0/1
Kidney 2/19 (10.5) 0/2 0/1
Mesentery/lymph node 2/19 (10.5) 0/2 0/1
Pancreas 1/19 (5.3) 0/2 0/1
Lye tissue 1/19 (5.3) 0/2 0/1
Body wall 6/19 (31.6) 0/2 1/1 (100)
Mammary 1/19 (5.3) 0/2 0/1

“Total 52 p33*/7Hdlt  Kopqs"4ii

mice with lung adenocarcinomas were analysed for metastases. "Total 44 K-ras™'"' mice with

lung adenocarcinomas were analysed for metastases. “Total 4 p53%/72#% " mice with lung adenocarcinomas were analysed for metastases.
“Including skeletal muscle on trunk and subcutaneous tissue/lymph node. Lesions that did not penetrate parictal pleura were considered as

metastases.

The status of the wild-type p33 allele was examined in
lung adenocarcinomas and metastases of pJ3*/72//+ K-
ras“"* mice by quantitative real-time PCR using
specific TagMan probes to differentiate wild-type and
mutant alleles. Loss of heterozygosity (LOH) was
detected in 81.8% (9/11) of end-stage lung adenocarci-
nomas and 71.4% (10/14) of macroscopic metastases
(Table 4).

Since the K-ras™'' allele is a latent allele that is
spontaneously activated in somatic cells, the expression
of mutant K-ras was analysed in lung cancers and
metastases at mRNA and protein levels (Figure 3).

Oncogene

Mutant K-ras®*? having a glycine-to-aspartic acid
substitution at codon 12 was expressed in lung
adenocarcinomas isolated from both double mutant
and K-ras*'"* mice, and in metastases and mesothelio-
mas isolated from double mutant mice. Moreover,
histologically normal lung tissue adjacent to lung
adenocarcinoma isolated [rom double mutant mice
and normal lung tissue isolated from wild-type mice
did not show the expression of mutant K-ras by either
protein or mRNA analysis. Thus, both pS53 (inherited)
and K-ras (acquired) mutations were present in lung
cancers and metastases.
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Table 4 The status of wild-type p53 in tumors of K-ras"*'
p53RI72”.’\g;‘ mice

Tumor* 2AAst - LOH"
Lung adenocarcinoma | 0.18 -
Lung adenocarcinoma 2 0.08 +
Lung adenocarcinoma 3 0.11 +
Lung adenocarcinoma 4 0.03 +
Lung adenocarcinoma 5 0.01 +
Lung adenocarcinoma 6 0.12 +
Lung adenocarcinoma 7 0.55 -
Lung adenocarcinoma 8 0.05 +
Lung adenocarcinoma 9 0 t
Lung adenocarcinoma 10 0.03 f
Lung adenocarcinoma 11 0.14 i
Metastasis | 0.25 -
Metastasis 2 0.25 =
Metastasis 3 0.01 t
Metastasis 4 0.35
Metastasis 5 0.01 +
Metastasis 6 0.06 +
Metastasis 7 0.15 +
Metastasis 8 0.22 —
Metastasis 9 0.02 +
Metastasis 10 0.04 +
Mectastasis 11 0 +
Metastasis 12 0.01 +
Metastasis 13 0.11 +
Metastasis 14 0 +

Abbreviation: LOH, loss of heterozygosity. “Only the largest lung
adenocarcinoma from each mouse and macroscopically visible
metastases were analysed for LOH. All tumors were diagnosed
microscopically. *The 274 wvalues of <0.15, 0.15-0.6 and >0.6
indicate 0, 1 or 2 copies of wild-type p33 alleles, respectively (see
Materials and methods for details).

Survival of p33®™'7%e/ - K-rast''* mice

Mice of the various genotypes were monitored daily and
killed if they showed signs of respiratory distress,
lethargy, decreased body weight, or abdominal disten-
sion. Double mutant mice had significantly reduced
survival when compared to other littermates (P <0.0001,
Figure 4a). Double mutant mice developed much more
aggressive lung cancers and higher tumor burden than
K-ras"*'"" mice, leading to shorter lifespans. The median
survival for double mutant mice was 266 days compared
to 373 days for K-ras"*'* mice. The p53+" K-ras™""
mice showed a very similar survival curve to published
data, and indicated no difference in survival as
compared to pi3RI7Nely KopgglAlt mice (Figure 4a).
However, a significant difference in cumulative cancer-
related death was observed between male and female
double mutant mice (P=0.0071, Figure 4b). This
gender difference in cancer-related death was not
observed for K-ras'''= and p33%/7?#5+ littermates
(Supplementary Figure 1A-B). The cumulative deaths
for female and male wild-type littermates were also
similar to each other (Supplementary Figure [C).

Discussion

Current mouse models for lung cancer develop lung
adenocarcinomas, but do not metastasize (Nikitin ef al.,

a p53R',72H.'xg[v K-ragtatie
#1 #2
primary primary
wtlung LAC LAC met LAC meso

wl G120 wt G120 wt 512D wt G120 wt (12D

b P53 KLA
#3 KM e
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Bun) 1

oy} Aewud
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Figure 3 The expression of mutant K-ras in primary lung cancers
and metastases. (a) Mutant K-ras was detected in primary lung
cancers and metastases that were isolated from different double
mutant mice, but not in normal lung tissuc isolated from wild-type
mice by RT-PCR. *Specific amplification; **nonspecific amplifica-
tion. wt, wild-type; GI12D, K-ras®’“P-specific primers to the
missense mutation at codon 12; LAC, lung adenocarcinoma; met,
metastasis; meso, mesothelioma. (b) Mutant K-ras was analysed in
primary lung cancers, metastases and histologically normal lung
tissues adjacent to lung adenocarcinoma by immunoprecipitation
followed by western blots. Anti-pan-Ras™ antibody specific for
mutant Ras was probed first. The same membrane was stripped
and probed with anti-K-Ras antibody. p332% ' p53R!72Hael - KA
K_rasl./\ll 1

a —0—wt, n=55
1004 —— 053R!72H‘m"‘. n=55
50+ —— K.rast?'™* n=65
R —0— p53RI A K ragt A1 0279
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Figure 4 Kaplan—Meier survival of mice with different genotypes.
(a) p53Fi7aiaelt Kopgs™i mice had significantly reduced survival
compared with K-ras™'", p§3*/7=H+ and wild-type littermates
(logrank test, P<0.0001). No significant difference in survival was
observed between p§3Ri7slt Kopggt ' and p33' K-rast
mice. (b) Female double mutant mice had a significantly higher
cancer-related death than male double mutant mice (logrank test,
P=0.0071).
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2004; Meuwissen and Berns, 2005). The deletion of a p53
allele enhances lung tumorigenesis induced by mutant
K-ras, but again does not promote the development of
metastasis (Johnson er al., 2001; Jackson et al., 2005). In
this study, we generated mice with both p33 and K-ras
missense mutations to test the suitability of such a
model for metastatic lung adenocarcinoma.

In this model, primary lung cancer disseminated
widely through both hematogenous and Ilymphatic
pathways to multiple sites strikingly similar to those in
human lung cancer (Tamura et al., 1992; Quint et al.,
1996; Sadikot et al., 1997). Surprisingly, no metastasis of
lung cancer was found in bone and brain. Additional
genetic changes may be needed to produce tumors that
can metastasize o these organs.

Interestingly, a significant discrepancy in cumulative
cancer death was observed between female and male
pS3fizEned s Kopag™t! ' mice, but not in littermates with
cither single mutation. This gender difference in survival
1s supported by a study showing a higher number of
pulmonary lesions induced by a tobacco-specific carci-
nogen NNK in A/J females as opposed to males
(Bclinsky et al., 2003). In humans, the observation that
female smokers are more susceptible to lung cancer than
male smokers is supported by many case—control
studies, but opposed by several prospective cohort
studies (Zang and Wynder, 1996; Payne, 2001; Bach
et al., 2003; Bain er al., 2004; Olak and Colson, 2004).
Therefore, a gender difference in susceptibility to human
lung cancer is still controversial. Nevertheless, the
survival of female and male double mutant mice showed
a statistically significant difference and will be an
important model to probe this difference.

Pleural mesothelioma is an uncommon, but highly
ageressive human malignancy that is invariably fatal
because it is detected so late (Jaurand, 2005). In this
study, 23% of pS53R/72asis Kopas™1'" mice also devel-
oped pleural mesotheliomas. Four lines of evidence
supported the diagnosis of this tumor in this model. The
first is the restricted gross and microscopic localization
to the pleural mesothelial lining and the distinct
phenotypic differences from intra-pulmonary epithelial
lesions. The second is positive staining of Calretinin
and/or Cytokeratin 6, the two commonly used markers
for human mesothelioma (Ordonez, 2003). Specifically,
Calretinin was detected in 80% of murine mesothelio-
mas examined, corresponding to the frequency of 80%
in human mesotheliomas (Abutaily et al., 2002). An
antibody against Cytokeratin 5 and 6 is positive in 63%
of human mesotheliomas {(Abutaily er al., 2002). The
cytokeratin 6 antibody detected staining in 40% of
murine mesotheliomas (a murine-specific Cytokeratin 5
antibody is not available). Of note, these markers stain
normal mesothelial cells and do not allow us to
distinguish benign from malignant cells. None of lung
adenocarcinomas examined in this study was positive
for either marker. The third is negative PAS staining,
which if positive, rules out mesothelioma. The fourth is
that SPC staining was negative in mesothelioma, but
positive in the adjacent lung adenocarcinoma. Taken
together, histological features, immunohistochemical

Oncogene

data, and PAS staining all support the diagnosis of
mesothelioma in this study.

Thus, this new lung cancer model more faithfully
simulates human metastatic lung cancer and promises to
be invaluable in testing novel preventive or therapeutic
modalities prior to clinical studies.

Materials and methods

Tumor samples and pathological analysis

The K-ras™*"'" mice were crossed with p53%/7?%/+ 1o generate
K-rag41 | p33R/imnsel s - ps3RIz2HAD S Kopggtt and wild-type
mice, and with p33*/ to generate p53* " K-ras“"'* mice. The
background of these mice was greater than 90% 129Sv.
Genotypes were determined as previously described (Liu et al.,
2000; Johnson et al, 2001). Mice were housed in sterilized
plastic cages with hardwood bedding and dust covers in a
HEPA-filtered, specific pathogen-free room (24+1°C, 45%
humidity, 14/10h light/dark cycle). The number of mice per
cage was three to five. All mice were given sterilized NIH-31
mouse/rat diet (No. 7017, Harlan), and water ad libitum. Mice
were monitored daily for signs of illness or obvious tumor
burden and moribund mice were killed. Tumors and tissues
were fixed with 10% buffered formalin, paraffin embedded,
and sectioned at 4 um. Sections (a single section for each tissue
per mouse) were stained with hematoxylin and eosin (H&E)
for histological evaluation, The diagnosis of a metastatic lesion
was based on histological features and the gross finding that
the lesion was not in direct contact with a lung tumor. A
metastatic diagnosis of lung adenocarcinoma on parietal
pleura was possible only if parietal and visceral pleurae were
not adhering to each other.

Revese transcription-PCR and quantitative real-time TagMan

PCR

Total RNA was extracted from tumors or normal lung by
using Trizol (Invitrogen, Carlsbad, CA, USA) and purified by
an RNeasy kit (Qiagen, Gaithersburg, MD, USA). Reverse
transcriptase reactions were performed using the First-Strand
c¢DDNA Synthesis Kit (Amersham Bioscience, Piscataway, NJ,
USA). Primers for wild-type and mutant K-ras alleles were
K-ras12G: TTGTGGTGGTTGGAGGTGG, K-ras12D: CTT
GTGGTGGTTGGAGGTGA, and K-rasEx3R1: CTGTCTT
GTCTTTGCTGAGGTC. Specific amplification was con-
firmed by sequencing PCR products.

Specific probes were used to differentiate mutant and wild-
type p33 alleles in tumors by real-time PCR. Primers and
probes were p53 forward 5-TCTACAAGAAGTCACAGCA
CATGAC-3', p53 reverse 5-CCTTCCACCCGGATAAGA
TGC-3', wild-type probe 5-TET-AGGTCGTGAGACACT
GCC-3', mutant probe 5-FAM-TCGTGAGACGCTGCCC-
3. The GSC (goosecoid homeobox protein gene) forward
Y-CGGCACCGCACCATCT, GSC reverse S-TCGTCTCCT
GGAAGAGGTTCC, and GSC probe 5-VIC-CCGATGAGC
AGCTCG-3' were used for normalization. PCR reactions were
performed in 384-well reaction plate using ABI PRISM 7900
Sequence Detection System (Applied Biosystems, Foster City,
CA, USA). Each sample was measured in duplicate. The
relative level of p53 gene was determined by AAC, based on the
formula AAC, = (sample C, [p53]—sample C, [GSC])—(control
C, [p33]—control C, [GSC]). All tumor samples used the same
reference sample for calculation, non-tumor DNA with wild-
type p33. Analysis of diluted samples showed 2**" values of
<0.15, 0.15-0.6 or >0.6 indicating 0, 1, or 2 copies of wild-
type p33 alleles, respectively (Iill ez al., 2005).



Immunohistochemistry and PAS staining
Immunohistochemical analysis was performed on tissue
sections using the Vectastain ABC kit (Vector, Burlingame,
CA, USA). Antibodies used were Calretinin (Zymed, South
San Francisco, CA, USA, 18-0291, 1:3000 dilution), SPC
(Chemicon, Temecula, CA, USA, AB3786, 1:1000 dilution)
and a murine-specific Cytokeratin 6 antibody (gift from
Dennis R Roop). Sections were counterstained with nuclear
fast red or hematoxylin (Vector). Immunofiourescence analysis
was performed using a CC10 antibody (Santa Cruz SC-9772,
Santa Cruz, CA, USA, 1:50 dilution).

Sections were also stained with PAS staining system
(Sigma, St Louis, MO, USA). Normal mouse liver sections
were used as positive controls. For a negative control, liver
samples were treated with diastase (Sigma) to remove
immunoreactivity.

Immunoprecipitation-western blot analysis

Tumor samples were homogenized in 50 mM Tris-Cl (pH 8.0),
150 mM NaCl, 0.5% NP40, and proteinase inhibitors (Roche,
Mannheim, Germany). Agarose-conjugated anti-ras antibody
Ab-1 (Calbiochem, San Diego, CA, USA, OP01A) was added
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strong correlation was observed between the promoter methylation of RASSF14 gene but not p/6 gene
(both frequently inactivated by promoter methylation in lung cancer) and expression of ADNMT3B4 in
primary lung cancer, suggesting a role of ADNMT3B in regulating promoter-specific methylation of
common tumor suppressor genes in tumorigenesis. In this report, we provide first experimental evidence
showing a direct involvement of ADNMT3B4 in regulating RASSF 14 promoter methylation in human
lung cancer cells. Knockdown of ADNMT3B4 expression by small interfering RNA resulted in a rapid
demethylation of RASSFIA promoter and reexpression of RASSF14 mRNA but had no effect on p16
promoter in the lung cancer cells. Conversely, normal bronchial epithelial cells with stably transfected
ADNMT3B4 gained an increased DNA methylation in RASSFIA promoter but not p/6 promoter. We
conclude that promoter DNA methylation can be differentially regulated and ADNMT3Bs are involved
in regulation of such promoter-specific de novo DNA methylation. [Cancer Res 2007;67(22):10647-52]

P Introduction

a Top
DNA methylation plays an essential role in the normal development of the a Abstract
. . - . » Introduction
'mam.ma'lhan embryo by regu.latm.g geine transcrlptlorT throu.gb genornl(., v Materials and Methods
imprinting, X chromosome inactivation, and genomic stability (1). It is w Results and Discussion
believed that DNA methylation patterns in somatic cells are established o Relurewss

during gametogenesis and early embryonic development via consecutive

waves of demethylation and de novo methylation (2). The DNA methyitransferase 3 (DNMT3) gene
consists of DNMT34 and DNMT3B and is the major de novo DNA methyltransferase that preferentially
methylates cytosine in CpG sites (3). Methylation in CpG-rich promoter regions may result in
transcriptional silencing of the corresponding genes, which is a major mechanism by which tumor
suppressor genes are inactivated in tumorigenesis (4).

DNMT3B contains 24 exons spanning ~47 kb of genomic DNA. Two alternative 5' exons are used, but
the same full-length DNMT3B protein (DNMT3B1 and DNMT3B2) is expected from both transcripts
(5). Four additional transcriptional variants (DNMT3B3, DNMT3B4, DNMT3B35, and DNMT3B6)
resulting from alternative pre-mRNA splicing have also been reported (5-7). Some of the variants may
compete with each other, thereby resulting in even DNA hypomethylation (7). This possibility suggests
a complex biological role of the DNMT3B variants. Increased expression of DNMT3B has been
frequently observed in human cancer cell lines and primary tumors (3). However, an association
between the expression level of DNMT3B and the promoter methylation status of tumor suppressor
genes has not been established (8, 9). These data suggest that the regulation of DNA methylation of
these promoters is complex.

ADNMT3B, a subfamily of DNMT3B, consists of at least seven transcriptional variants by alternative
pre-mRNA splicing (10). In non—small cell lung cancer (NSCLC), ADNMT3B variants are the
predominant forms of DNMT3B expression (10). We previously observed a strong and independent
correlation between ADNMT3B4 expression and DNA methylation of the RASSFIA promoter but not
the p16 promoter (11). This finding suggested that ADNMT3B variants are involved in the regulation of
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promoter methylation, possibly in a promoter-specific manner.

P  Materials and Methods

a Top
Cell lines. Human NSCLC lines H1299 and H358 were purchased from the a Abstract

G 3 2 5 . . 4 Introduction
American Type Culture Collection. The HBET1 cell line was a gift from Dr. . Materials and Methods

John Minna (The University of Texas Southwest Medical Center, Dallas, w Results and Discussion
TX) v References

RNA extraction and reverse transcription-PCR. We isolated total RNA from cells by using Tri-
Reagent (Molecular Research Center) according to the manufacturer's instruction. The primers used for
reverse transcription-PCR (RT-PCR) were described previously (10).

Methylation-specific PCR. One microgram of genomic DNA was used for bisulfite treatment to
modify unmethylated cytosine residues, and the modified DNA was used for methylation-specific PCR
(MSP) using methylation-specific and unmethylation-specific primers as described previously (10, 11).
Unmodified DNA was used to test all the primer sets and we failed to observe any amplified DNA
tfragment in our experimental conditions.

Small interfering RNA and antisense RNA transfection. Small interfering RNA (siRNA) specifically
targeted to the junction of exons 5 and 7 of ADNMT3B was designed and synthesized chemically
(Ambion). Both annealed siRNA and corresponding oligonucleotides of single strands were used. The
sequences were 5-CACGCAACCAGAGAACAAGUU-3' (sense) and 5'-
CUUGUUCUCUGGUUGCGUGUU-3' (antisense) for the target sequence 5'-
AACACGCAACCAGAGAACAAG-3'". siRNA specifically targeting glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) or scramble siRNA was also obtained from Ambion to serve as controls.

Bisulfite sequencing of the RASSFIA4 promoter. MSP products were derived from H1299 cells treated
with 40 nmol/L siRNA targeting ADNMT3B4/2 or GAPDH for 24 h and were recovered by gel
purification. The DNA fragments were cloned into a TA cloning vector (Invitrogen) according to the
manufacturer's protocol. Plasmid DNA from each clone was then extracted, and inserts in individual
clones were sequenced (T3 or T7 primer) using an ABI PRISM 377 DNA sequencer (Perkin-Elmer).

Western blot analysis. Cell lysates were obtained and equal amounts of protein from each sample were
diluted with loading buffer, boiled, and loaded onto 7.5% SDS-polyacrylamide gel to be separated by
electrophoresis followed by protein transfer to polyvinylidene fluoride membranes (Amersham).
Proteins were detected by incubation with corresponding antibodies specific to either DNMT1 or V5 tag
(Sigma) followed by blotting with horseradish peroxidase—conjugated secondary antibody (Sigma). The
blots were then exposed to chemiluminescent substrate (Amersham) for detection.

Cell growth and cell cycle analyses. The ACEA RT-CES microelectronic cell sensor system (ACEA
Biosciences) was used to confirm the number of living cells. The electronic sensors provided a
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continuous and quantitative measurement of the cell index (which depends on the number of attached
cells and the shape of the cells) in each well. The cell cycle distribution of the cells was determined
using a BD FACSCalibur flow cytometer and CellQuest software (Becton Dickinson).

Stable transfection. pcDNA6/V5-His (Invitrogen) was used to construct plasmids containing full-length
ADNMT3B2 or ADNMT3B4. Empty vector or plasmids containing ADNMT3B2 or ADNMT3B4 were
used to transfect HBEI cells and establish clones with stable expression of the corresponding proteins.
Several clones were selected from each transfectant, and passages 5 and 10 were subsequently used for
promoter methylation analysis.

Bisulfite pyrosequencing. Pyrosequencing was used to quantitatively measure the levels of cytosine
methylation of CpG sites of promoters as described previously (12). The primers used in this study are
listed in Supplementary Table S1 and their locations in the CpG islands are presented in Supplementary
Fig. S1. Assays were repeated thrice and the means of all experimental results were used with SEs. The
quantification of cytosine methylation was performed using Pyro Q-CpG software (Biotage).

P  Results and Discussion

-
To test the role of ADNMT3B4 in the promoter-specific methylation of a I‘ilztmct
RASSFIA, we designed a siRNA that specifically targeted the junction of e,
exons 5 and 7 of ADNMT3B. Because both ADNMT3B4 and ADNMT3B2 « Results and Discussion
lack exon 6, this siRNA is expected to trigger the degradation of both these = (e enpme

transcripts. We used NSCLC cell line H1299 because it carries promoter
methylation of both p/6 and RASSF 1A and expresses a high level of ADNMT3B4 but no detectable
DNMT3B (10).

We found that down-regulation of ADNMT3B4/2 resulted in RASSF 1A promoter demethylation in
H1299 cells (Fig. 1 ). In the cells treated with 20 nmol/L or a higher concentration of the siRNA
targeting ADNMT3B4/2, a near complete RASSFIA4 promoter demethylation was observed as early as 12
h after treatment (Fig. 14). This effect was maintained up to 72 h after treatment. The results are
consistent with the dose-dependent reduction of ADNMT3B4 expression by the siRNA or antisense
treatment (I'ig. 15). In contrast, the promoter methylation status of p/6 was not affected (Fig. 1.4). These
results provide the first direct evidence of a causal relationship between ADNMT3B4 and the promoter
methylation of RASSFIA4 in lung cancer cells.

Figure 1. Down-regulation of ADNMT3B4/2 expression and
demethylation of RASSF'1A promoter. 4, promoter
methylation status of p/6 and RASSFIA4 at different time
points following treatment as measured by MSP. —, negative
control; +, positive control. U, unmethylated DNA; M,
methylated DNA. B, expression of ADNMT3Bs in H1299
cells treated with siRNAs at various time points using RT-
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= : PCR. C, expression of RASSFI14A mRNA (234 bp) of the
(13l il corresponding samples measured by RT-PCR. D, methylation

L220 THHiE status in the RASS1A4 promoter according to bisulfate
sequencing analysis. Arrowheads, cytosines not converted to
thymidines in the CpG sites (bottom panel of the sequences)
because of the resistance of the methylated cytosines to
bisulfate treatment. Line in the figure below the sequences
represents a clone. Open dot, a CpG site not methylated; solid
dot, a methylated CpG site. The left set of lines represents
clones from cells treated with control, and the right set of
lines represents clones from cells treated with siRNA
targeting ADNMT3B4/2.

View larger version (55K):
[in this window]
[in a new window]

Consistent with the RASSF'1A promoter demethylation, RASSF/A mRNA expression was restored in the
cells also in a dose-dependent manner (Fig. 17). Because MSP is a qualitative assay and cannot reveal
the methylation status of each CpG site, we performed bisulfite sequencing of the MSP products from
cells with or without ADNMT3B4/2 knockdown. The MSP fragment is a part of the RASSFI4 promoter
and contains 10 CpG sites, excluding the primer sequences. None of the cytosine residues at the 10 CpG
sites of the RASSF14 promoter fragment were converted to thymidine by bisulfite treatment (an
indication of a methylated status) in the 14 individual clones derived from cells without ADNMT3B4/2
knockdown, whereas the cytosine residues at all the 10 CpG sites were converted to thymidine (an
indication of an unmethylated status) in all 14 clones derived from cells with ADNMT3B4/2 knockdown
(Fig. 1D).

In a separate experiment, we used pyrosequencing method to analyze DNA from H1299 cells treated
with either 20 nmol/L scramble siRNA control or 20 nmol/L. siRNA targeting ADNMT3B4/2 24 h after
treatment. The primers used in this experiment were designed to avoid amplification bias
(Supplementary Table S1). We observed that that promoter methylation of RASSF/A was decreased
from 94% in the control-treated to 33% in the siRNA-treated DNA, whereas no difference was observed
in the pI6 promoter between control-treated and the siRNA-treated DNA (Supplementary Fig. S2).
These results indicate that knockdown of ADNMT3B4/2 can reverse the methylated CpG sites in the
RASSF14 promoter region. Our finding is unlikely due to the inhibition of DNMT1 because the protein
expression level was not reduced in the H1299 cells treated with the siRNA (data not shown). To
determine whether the RASSF1A4 promoter demethylation due to knockdown of ADNMT3B4/2 is limited
to H1299 cells, we performed the same experiments with NSCLC cell line H358. Similar to our results
with the H1299 cells, the RASSF14 promoter became unmethylated after the siRNA treatment but no
effect was observed on the methylated p6 promoter (data not shown).

To address the issue whether some of the observed results are due to a shift in balance between
ADNMT3B4 and other ADNMT3B isoforms, we also analyzed mRNA expression of ADNMT3B5 and
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ADNMT3B6 that are expressed in the H1299 cells beside ADNMT3B] that did not show change in
expression levels after sSiRNA treatment (Fig. 1.4). Interestingly, the expression of ADNMT3B5 and
ADNMT3B6 was reduced in the siIRNA-treated samples compared with the controls (Fig. 2.1 ). To
ensure that the result was not due to nonspecific knockdown by the siRNA, we analyzed the expression
of ADNMT3B5 (ADNMT3B6 was not expressed in the cell line) in HBEI cells transfected with either
ADNMT3B2 or ADNMT3B4. The expression of ADNMT3B5 was increased in the cells transfected with
either ADNMT3B2 or ADNMT3B4 compared with controls (Iig. 25). The result indicates that the
expression of either ADNMT3B2 or ADNMT3B4 may affect expression levels of ADNMT3B35 and
ADNMT3B6.

Figure 2. Expression of ADNMT3B5 and ADNMT3B6 following
change of ADNMT3B4/2 expression levels. A, expression of

_ 143 ADNMT3BS5 and ADNMT3B6 in H1299 cells treated with
ERILEE siRNAs measured by RT-PCR. B, expression of ADNMT3B5 and
: R ADNMT3B6 in HBEI cells transfected with ADNMT3B2 or

_ ADNMT3B4.

b
1

View larger version (38K):
[in this window]|
[in a new window]|

We used RT-CES System to determine the dynamic change in cell growth affected by the ADNMT3B4/2
knockout (measured every 30 min). In the H1299 cells, growth was inhibited at ~10 h after treatment
with the siRNA-ADNMT3B4/2 in a dose-dependent manner or with the antisense RNA (Fig. 34).
Because the RT-CES System works by measuring the electronic impedance of sensor electrodes
integrated on the bottom of microtiter E-plates, factors besides cell numbers, such as morphology and
tightness of the cells attached to the culture surface, can affect the reading. The major drop observed 36
h after treatment with the siRNA might reflect to a reduced ability of the cells detaching to the plastic
surface. To determine the mechanism by which the growth of the ADNMT3B4/2 knockout is inhibited,
we used flow cytometry to examine the cell cycle distribution of the H1299 cells 24 h after treatment.
We observed an increase in the sub-G, fraction of cells treated with the SiRNA-ADNMT3B4/2 in a dose-

dependent manner or with the antisense RNA (Fig. 3B). These results suggest that treatment with
SIRNA-ADNMT3B4/2 increased apoptosis.

Figure 3. Biological effects of ADNMT3B4/2 down-regulation. 4,
growth of H1299 cells transfected with siRNAs as measured using
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e a microelectronic cell sensor system every 30 min. The
T representation of individual color lines is indicated and described in
TP the figure. B, cell cycle distributions of 111299 cells 24 h after

: treatment with siRNAs as measured with a flow cytometer (a, cells

o ——EERIE treated with culture medium; b, Lipofectamine only; ¢, siRNA

' : ©| targeting GAPDH; d, scramble siRNA; e—g, 10, 20, and 40 siRNA,

respectively; A, 40 nmol/L antisense RNA targeting

ADNMT3B4/2). Percentages of sub-G cells were labeled inside

i
| b | ) each panel.
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View larger version (42K):
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To provide direct evidence to support the possibility that ADNMT3B4 but not ADNMT3B2 contributed
to the differential regulation of RASSF1A promoter methylation, we constructed mammalian expression
plasmids containing ADNM73B2 or ADNMT3B4 and used HBE1 cells (immortalized, normal-appearing
bronchial epithelial cells from a patient with NSCLC; ref. 13). Stable clones expressing ADNMT3B2 or
ADNMT3B4 were established (Iig. 441 ). At passages 5 and 10, we used the quantitative pyrosequencing
method to analyze the promoter methylation status of the genes MGMT, GSTPI, p16, RASSFIA,
"CDHI3, and PR (two regions) in the HBE1 cells transfected with empty vector only, ADNMT3B2, or
ADNMT3B4. Consistent with our hypothesis that ADNM73B4 but not ADNMT3B2 contributed to the
differential regulation of RASSF1A4 promoter methylation, cells transfected with ADNMT3B4, but not
cells transfected with the empty vector or ADNMT3B2, showed substantially increased DNA
methylation in the RASSF1A4 promoter compared with vector control (P < 0.001, Kruskal-Wallis test;
Fig. 4B8). No change in methylation status was observed in any of the other promoters for any of the
transfectants (Fig. 4B).

Figure 4. Overexpression of ADNMT3B4 resulted in

RASSFI14 promoter hypermethylation. 4, expression of

recombinant ADNMT3B4 and ADNMT3B2 in HBEI clones

e o S recognized on Western blots using antibody against V35 tag.
s HBE]I-vec, vector only—transfected HBE1 cells. B, CpG

methylation in promoter regions of six genes and in line

sequences. Clones d3B4.C1, d3B4.C2, d3B4.C3, and

d3B4.C4 expressed ADNMT3B4, and clones d3B2.C1,

d3B2.C2, and d3B2.C3 expressed ADNMT3B2. The values

for the genes represent the approximate percentages of the

CpG sites that were methylated as measured by

View larger version (25K):  pyrosequencing analysis.

[in this window]
[in a new window]
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Our findings suggest a mechanism for the development of "tissue-specific DNA methylation." This term
refers to different promoters being methylated in different cell types or organs during development and
tumorigenesis (14). In somatic cells, most of the CpG sites in genomic DNA are methylated except in
CpG-enriched promoter regions (CpG islands) of the transcriptionally active genes. The maintenance of
established DNA methylation patterns is largely performed by DNMT]1, which is constitutively
expressed in somatic tissues. The expression of DNMT3B is low or absent in somatic tissues but
significantly increased in transformed cancer cells and is thought to be critical to de novo promoter
methylation (15). During tumorigenesis, de novo DNA methylation occurs in the promoters of selected
genes and contributes to their functional inactivation by suppressing the expression of those genes.
Global analysis of promoter methylation has revealed several abnormally methylated promoters found in
tumors but not in normal tissue counterparts (16). However, each tumor exhibits a unique pattern of
methylated promoters, although some promoters are commonly methylated in certain tumor types. These
observations indicate the presence of cellular mechanisms, which result in differential promoter
methylation that is maintainable during tumor development and progression.

In a previous study, we found a statistically significant correlation between RASSF1A promoter
methylation and ADNMT3B4 expression in a large number of primary NSCLC tumors (11). That result
provided in vivo evidence of a role for ADNMT3B4 in regulating the methylation of CpG islands in a
promoter-specific manner. The results presented in the current report provide enough direct evidence to
cstablish the causal relationship between ADNMT3B4 and RASSF 1A promoter methylation but not
between several other commonly methylated promoters we examined. In the siRNA-based experiment,
the down-regulation of ADNMT3B4 resulted in demethylation of the RASSF 1A promoter but not the p/6
promoter in two NSCLC cell lines. Because the siRNA used also knocked down ADNMT3B2 (because
of the shared exon-exon junction between ADNMT3B2 and ADNMT3B4), a role for ADNMT3B2 in that
process cannot be excluded. The experiments using HBE1 cells that express specific ADNMT3B variants
(ADNMT3B2 or ADNMT3B4) provided conclusive evidence that ADNMT3B4 but not ADNMT3B2
contributes to R4SSF1A-specific promoter methylation. Although expression levels of ADNMT3B4 may
affect expression levels of ADNMT3B5 and ADNMT3BG6, the expression of the later isoforms is unlikely
contributed to RASSF1A promoter methylation because overexpressing ADNMT3B2 also caused an
increased expression of ADNMT3BS5 (Fig. 3B8) but did not affect the methylation status of RASSFI4
promoter (Fig. 45).

Although our study results firmly establish the importance of ADNMT3Bs in promoter-specific
methylation, the detailed mechanisms are unknown. DNMT1 is the predominant cellular DNA
methyltransferase, but it requires the participation of DNMT3B to achieve promoter methylation (17,
18). Because DNMT3Bs contain a PWWP domain, which has direct DNA-binding capability (19), the
fact that there are ADNMT3Bs with structural differences at and around the PWWP domain suggests
that the ADNMT3B variants interact with a class of promoters with a similar consensus sequence and
are responsible for the methylation of the promoters. The recent finding that tumor-specific methylated
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genes have common sequence motifs in their promoters (20) supports this notion. It should be noted that,
in our study, overexpression of ADNMT3B4 in the HBE1 cells resulted in only partial methylation of
the RASSF 14 promoter; this observation indicates that an additional component or components are
needed for the stable and complete methylation of the promoter. Alternatively, the peptide tags fused
with ADNMT3B4 may cause changes in protein folding and result in reduced efficiency of the protein.

Our findings place ADNMT3Bs at the center of de nove promoter methylation, particularly in lung
tumorigenesis. The promoter-specific demethylation we observed is particularly interesting for cancer
therapy because it raises the possibility of inhibiting specific variants of ADNMT3B to selectively
activate critical tumor suppressor genes whose expression is down-regulated due to promoter
methylation. Such an approach may lead to the development of novel therapeutic strategies tailored to
individual tumors with particular epigenetic abnormalities. These strategies would cause limited adverse
effects because normal tissue would be spared most of the effects of less targeted treatment on the
promoters methylated.
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